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CLONING AND CHARACTERIZING OF GENES 

flSSOCIATEP WITH MHg-TERM MEHORY 
Pggcription 

BacKqrownd of the Invention 
5 Activation o£ the cyclic 3' ,5' -adenosine monophosphate 

(cAMP) signal transduction pathway can have long-lasting 
global consequences through its influence on the expression 
of specific genes. This is true for simple organisms as 
well as mammals, where many of the known cAMP- responsive 
10 genes can have important neural and endocrine roles. 

Additional information regarding activation of this pathway 
would be useful, particularly as this activation pertains 
to the aJsility of smimals to remember activities or events. 

Summary of the Invention 

15 The present invention is based on Applicants' 

discovery of the dCREBl and dCREB2 genes. The present 
invention is further based on J^plicants' discovery that 
the DroBophila CREB2 gene codes for proteins of opposite 
fiinctions. One isoform (e.g., dCREB2-a} encodes a cyclic 

20 3' , 5' -adenosine monophosphate (cAHP) -responsive 

transcriptional activator. Another isoform (e.g., dCREB2- 
b) codes for an antagonist which blocks the activity of the 
activator . 

When the blocking form is placed under the control of 
25 the heat-shock promoter, and transgenic flies are made, a 
brief shift in ten5)erature induces the synthesis of the 
blocker in the transgenic fly. This induction of the 
blocker (also referred to herein as the repressor) 
specifically disrupts long-term, protein synthesis 
30 dependent memory of an odor -avoidance behavioral paradigm. 
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As a result of J^licants' discovery, a method is 
herein provided to regulate long term memory in an animal. 
The method of regulating long term memory described herein 
comprises inducing expression of a dCREB2 gene or a 
5 fragment thereof in the animal. 

The dCREB2 gene encodes several isoforms. Examples of 
an isoform encoded by the dCREB2 gene are dCREB2-a, dCREB2- 
b, dCREB2-c, dCREB2-d, dCREB2-q, dCREB2-r and dCREB2-s. 

The isoforms encoded by the dCREB2 gene include cAMP- 
10 responsive activator isoforms and antagonistic blocker (or 
repressor) isoforms of the activator isoforms. Cyclic AMP 
responsive activator isoforms can function as a cAMP- 
responsive activator of transcription. Antagonistic 
repressors can act as a blocker of activators. An example 
15 of a cAMP- responsive activator isoform is dCREB2-a. An 
example of an antagonistic repressor (or blocker) isoform 
is dGlEB2-b. The terms blocker and repressor are used 
interchangeably herein. 

In one embodiment of the invention, the dCREB-2 gene 
20 encodes a cAMP- responsive activator isoform and inducing 
said gene results in the potentiation of long term memory. 

Alternatively, inducing the dCREB2 gene encoding a 
cAMP-responsive activator isoform activates the production 
of a protein which is necessary for the formation of long 
25 term memory. 

In another embodiment of the invention, the dCREB2 
gene encodes a repressor isoform and inducing said gene 
results in the blocking of long term memory. 

A further embodiment of the invention relates to a 
30 method of regulating long term memory in an animal 

comprising inducing repressor and activator isoforms of 
dCREB2 wherein long term memory is potentiated in the 
animal when the net amount of functional activator (AC) is 
greater than zero. 
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The invention also relates to a method of identifying 
a siibstance capable of affecting long term memory in an 
animal comprising the determination that said substance 
alters the induction or activity of repressor and activator 

5 isoforms of dCREB2 from normal in the animal. 

As referred to herein, an activator isoform includes 
dCREB2-a and functional fragments thereof and a repressor 
isoform includes dCREB2-b and functional fragments thereof. 
Other embodiments of the invention relate to a method 

10 of enhancing long term memory formation in an animal 

comprising increasing the level of activator homodimer from 
normal, decreasing the level of activator -repressor 
heterodimer from normal, or decreasing the level of 
repressor homodimer from normal in the animal. 

15 Still another embodiment of the invention relates to a 

method of identifying a substance capeible of affecting long 
term memory in an auiimal comprising the determination that 
said substance alters activator homodimer, activator- 
repressor heterodimer amd/or repressor homodimer formation 

20 from normal in the animal. 

As referred to herein, an activator homodimer includes 
the dCREB2a homodimer, an activator-repressor heterodimer 
includes the dCREB2a-dCREB2b heterodimer, and a repressor ' 
homodimer includes the dCR£B2b homodimer. 

25 A further embodiment of the invention relates to 

isolated DNA encoding a cAMP responsive transcriptional 
activator. Such a cAMP responsive transcriptional 
activator can be encoded by a Droaophila dCREB2 gene or by 
homologues or functional fragments thereof. For example, a 

30 cAMP responsive transcriptional activator can be encoded by 
the dCREB2 gene which codes for dCREB2->a or by a gene 
encoded by the sequences presented herein. 

Still another embodiment of the invention relates to 
isolated DNA encoding an antagonist of cAMP- inducible 

35 transcription. Such an antagonist of cAMP- inducible 
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transcription can be encoded by a DroBopbila dCREB2 gene or 
by hoinologues or fvmctlonal fragments thereof. For 
example, an antagonist of cAMP- inducible transcription can 
be encoded by the dCREB2 gene which codes for dCREB2-b. 
5 Another embodiment of the invention relates to 

isolated DNA (SEQ ID NO. : 25) which encodes a Drosophila 
dCREB2 gene or functional fragments thereof. 

A further embodiment of the invention relates to 
isolated DNA encoding an enhancer-specific activator. Such 
10 an enhancer- specific activator can be encoded by a 
DroBophila dCREBl gene or by homologues or functional 
fragments thereof. 

Another embodiment of the invention relates to 
isolated DNA encoding a nitric oxide synthase of Drosophila 
15 (DNOS) . Such DNA can encode a DNOS of neuronal locus. The 
DNOS encoded can contain, for example, putative heme, 
calmodulin, flavin mononucleotide {FMN) , flavin adenine 
dinucleotide (FAD) and nicotinamide adenine dinucleotide 
phosphate, in its reduced form, (NADPH) binding site 
20 domains. 

A further embodiment of the invention relates to a 
method for assessing the effect of a drug on long term 
memory formation comprising administering the drug to 
Drosophila, subjecting the Drosophila to classical 
25 conditioning to at least one odorant and electrical shock, 
and assessing the performance index of the classical 
conditioning, wherein the effect of the drug occurs when it 
alters the performance index from normal. The drug can 
affect long term memory formation by, for example, altering 

30 the induction or activity of repressor and activator 
isoforms of dC3tEB2. 

A still further embodiment of the invention relates to 
the assessment that an animal will have an enhanced or, 
alternatively, a diminished capability of possessing long 

35 term memory. This assessment can be performed by 
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determining the amount of cAMP- responsive activator 
Isoforms, cAMP- responsive repressor or blocker isoforms, or 
dimers of these isoforms that are present in the animal, 
where these isoforms are encoded by the CREB2 or a 
5 homologous gene. Enhanced capability of possessing long 
term memory will be more likely as the amount of activator 
exceeds the amount of repressor, i.e. in direct proportion 
to the size of the net amoxmt of fvinctional activator (AC) 
when this quantity is greater than zero. Conversely, 

10 diminished capability of processing long term memory will 
be more likely as the amount of repressor exceeds the 
amount of activator, i.e. in direct proportion to the size 
of the net amount of functional activator (AC) when this 
quantity is less than zero. 

15 Another embodiment of the invention relates to a 

screening assay of pharmaceutical agents as enhancers of 
long term memory or as obstructors of long term memory in 
animals. The screening assay is performed by determining 
the change in the amount of cAMP- responsive activator 

20 isoforms, cAMP- responsive repressor or blocker isoforms, or 
dimers of these isoforms that is present in an animal or, 
more preferably, in a cell culture system or in Drospphila 
when the pharmaceutical agent is present, in comparison to 
when the pharmaceutical agent is not present, where these 

25 isoforms are encoded by the CREB2 or a homologous gene. 
Enhancers of long term memory cause a net increase in the 
amount of activator isoforms relative to the amount of 
repressor isoforms, i.e. an increase in the net amount of 
functional activator (AC) . Obstructors of long term memory 

30 cause a net decrease in the amount of activator isoforms 
relative to the amount of repressor isoforms, i.e. a 
decrease in the net amount of functional activator (AC) . 
The pharmaceutical agent can cause these changes by acting, 
for example, to alter the estpression (transcription or 

35 translation) of the respective activator and/or repressor 
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isofoxms from the CREB2 or a homologous gene, to alter the 
formation of activator homodimers, activator-repressor 
heterodlmers and/or repressor honK>dimers from the expressed 
isoforms, or to alter the interaction of one or more of 
5 these isoform or dimer types at their molecular targets. 
The long term memory activator isoform/repressor isoform 
system herein disclosed provides a unique platform for 
conducting such screening assays. 

A further embodiment of the invention relates to an 
10 assay of pharmaceutical agents for their property as 

facilitators or hinderers of long term memory in animals. 
The assay is performed by administering the pharmaceutical 
agent to DroBophila prior to subjecting the Droaophila to a 
Pavlovian olfactory learning regimen. This regimen 
15 assesses the long term memory capabilities of the 

Droaophila by sxobjecting the flies to a massed and/or a 
spaced training schedule. Transgenic lines of these flieS 
containing altered dCREB2 genes can be used to further 
elucidate the long term memory facilitation or hindering 
20 property of the pharmaceutical agent. The assay provides 
data regarding the acquisition of long term memory by the 
Droaophila after eacposure to the pharmaceutical agent. 
These data are compared to long term memory acquisition 
data from Droaophila that have not been exposed to the 
25 pharmaceutical agent. If the exposed flies display faster 
or better retained long term memory acquisition than the 
\inexposed flies, the pharmaceutical agent can be considered 
to be a facilitator of long term memory. Conversely, if 
the e3q>osed flies display slower or less retained long term 
30 memory acquisition than the unexposed flies, the 

pharmaceutical agent can be considered to be a hinderer of 
long term memory. Since the genetic locus for this long 
term memory assay in Droaophila resides in the dCREB2 gene, 
the results from this assay can be directly applied to 
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other animals that have homologous genetic loci (CREB2 or 
CREM genes) . 

Brief Deaeription of the Drawlnaa 

Figvire lA depicts the DNA sequence (SEQ ID NO. : 1) and 
5 predicted amino acid sequence (SEQ ID NO. : 2) of the 
dCREB2-a coding region. The basic region auid leucine 
zipper domains are indicated by solid and broken bold 
underlining, respectively; positively-charged residues in 
the basic region are circled; periodic leucines in the 

10 zipper motif are boxed; glutamines in the activation domain 
are underlined; the short amino acid motif with target 
sites for kinases, starting at residue 227, is indicated by 
a bold outline; and sequences specified by alternatively- 
spliced exons 2, 4 and 6 are shaded. 

15 Figure IB depicts the amino acid sequences of the bZIP 

domains of dCREB2 (SEQ ID NO. : 3), mammalian CREB (SEQ ID 
NO.: 4), OlEM (SEQ ID NO.: 5) and ATF-1 (SEQ ID NO.: 6). 
Differences between dCREB2 and CREB are boxed. 

Figure 2 is a schematic diagram of dCR£B2 isoforms 

20 with the exon boundaries defined with respect to dCREB2-a. 
Diagram is not drawn to scale. 

Figure 3 is a bar graph representation of results 
showing pKA.- responsive transcriptional activation by 
dc:!REB2-a. 

25 Figure 4 is a bar graph representation of results 

showing the transcriptional effect of dCRBB2-b and a mutant 
variant on pKA-responsive activation by dCREB2-a. 

Figure 5 depicts the DNA sequence (SEQ ID NO. : 7) and 
predicted amino acid sequence (SEQ ID NO. : 8) of the dCREBl 

30 coding region. The basic region and leucine zipper domains 
are indicated by solid and broken bold underlining, 
respectively; positively-charged residues in the basic 
region are circled; periodic leucines of the zipper motif 
are boxed; and in the acid-rich region of the activation 
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domain, negatively- charged amino acids are underlined and 
proline residues are indicated by diamonds. 

Figure 6 is a bar graph representation of results 
showing transcriptional activation of a CR£ reporter gene 
5 by dCREBl in DroBophila Schneider L2 cell culture. 

Figure 7A is a photomicrograph of a Northern blot 
depicting the effect of heat shock induction on dCREB2-b 
expression: wt - wildtype flies; CREB ■> 17-2 transgenic 
flies; lanes 1-2: no heat shock; lanes 2-3: immediately 
10 after heat shock; lanes 5-6: three hours after heat shock. 

Figure 7B is a photograph of a Western blot depicting 
the effect of heat shock induction on dCREB2-b protein 
production: wt « wildtype flies; CREB ■ 17-2 transgenic 
flies; lanes 1-2: no heat shock; lanes 2-3: immediately 
15 after heat shock; lanes 5-6: one hour after heat shock; 
lanes 7-8: three hours after heat shock; lanes 9-10: 9 
hours after heat shock; lanes 11-12: 24 hours after heat 
shock . 

Figure 7C is a photograph of a Western blot depicting 
20 the effect of heat shock induction on dCREB2 and dCREB2-mLZ 
(a mutated dCREB2-b) protein production: wt » 17-2 
transgenic flies (e:^ressing wildtype blocker, dCREB2-b) ; m 
- A2-2 transgenic flies (expressing mutant blocker, dCREB2- 
mLZ) ; lanes 1-2: no heat shock; lanes 3-4: immediately 
25 after heat shock; lanes 5-6: three hours after heat shock; 
lanes 7-8: six hours after heat shock. 

Figure 8 is a bar graph representation of results 
showing the effect of cycloheximide (CXM) feeding, before 
or after spaced or massed training, on one-day memory 
30 retention: stripped bars « +CXM; hatched bars - -CXM. 

Figure 9A is a bar graph representation of results 
showing the effect of heat shock induction on one-day 
memory retention in wildtype (Can-S) flies and hB-dCREB2-b 
transgenic (17-2) flies given spaced or massed training: 
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hatched bare - wildtype (Can-S) flies; stripped bars: hs- 
dCRBB2-b transgenic (17-2) flies; hs « heat shock. 

Figure 9B is a bar graph representation of results 
showing the effect of heat shock induction on one -day 
5 memory retention in wildtype (Can-S) flies or bs-dCREB2-b 
transgenic (Mll-1) flies given spaced or massed training: 
hatched bars ■ wildtype (Can-S) flies; stripped bars: hs- 
dCREB2-b transgenic (Mll-l) flies; hs - heat shock. 

Figure 9C is a bar graph representation of results 

10 showing the effect of heat shock induction on learning in 
wildtype (Can-S) flies and hB-dCREB2'b transgenic (17-2) 
flies given spaced or massed training: hatched bars » 
wildtype (Can-S) flies; stripped bars: hB-dCREB2-b 
transgenic (17-2) flies; hs « heat shock. 

15 Figure 10 is a bar graph representation of results 

showing the effect of heat shock induction on one-day 
memory retention in wildtype [wdeoCJl)] flies, hB-dCREB2'b 
transgenic (17-2) flies, and mutant bB-dCRBB2-mLZ 
transgenic (A2-2) flies given spaced training: hatched bars 

20 « wildtype [w(isoCJl)] flies; stripped bars « hs-dCJR£B2-b 
transgenic (17-2) flies; white bars « mutant hB-dCREB2-aiLZ 
transgenic (A2-2) flies; hs - heat shock. 

Figure 11 is a bar graph representation of results 
showing the effect of heat shock induction on seven-day 

25 memory retention (long term memory) in wildtype (Can-S) 

flies amd hfl-dCREB2-b transgenic (17-2) flies given spaced 
training: hatched bars « wildtype (Can-S) flies; stripped 
bars - hB-dCREB2-b transgenic (17-2) flies; hs > heat 
shock . 

30 Figure 12 is a bar graph representation of results 

showing the effect of heat shock induction on one-day 
memory retention in hs-dCREB2-b transgenic (17-2) flies, 
radish mutant flies, and radiBh hB-dCREB2-b double mutant 
[rah; 17-2) flies given spaced training: hs - heat shock; 

35 hatched bars - -hs; stripped bars « +hs. 
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Figure 13A is a graphic representation of results 
showing the effect of repeated training sessions on seven- 
day memory retention (long term memory) in wildtype (Can-S) 
flies with long term memory as a function of the number of 
5 training sessions indicated by open circles and a negative 
accelerating exponential Gompertz (growth) function fit to 
the individual performance indexes (Pis) using a nonlinear 
iterative least squares method indicated by the solid line. 
Figure 13B is a graphic representation of results 
10 showing the effect of the rest interval between each 

training session on seven-day memory retention (long term 
memory) in wildtype (Can-S) flies with long term memory as 
a function of the rest interval indicated by open circles 
and a negative accelerating exponential Gompertz (growth) 
15 function fit to the individual performance indexes (Pis) 
using a nonlinear iterative least squares method indicated 
by the solid line. 

Figure 14 depicts a conceptual model of a molecular 
switch for the formation of long term memory based on 
20 differential regulation of CREB isoforms with opposing 
functions with AC indicating the net effect of CREB 
activators . 

Figure ISA is a bar graph representation of results 
showing the effect of 48 massed training sessions (48x 
25 massed) or 10 spaced training sessions with a 15 -minute 

rest interval (lOx spaced) on seven-day memory retention in 
wildtype (Can-S) flies. 

Figure 15B is a bar graph representation of results 
showing the effect of one (ix) , two (2x) or ten (lOx) 
30 massed training sessions, three hours after heat-shoc)c 

induction of the transgene (induced) or in the absence of 
heat-8hoc)c (uninduced) , on seven-day memory retention in 
wildtype (Can-S) flies, hBp-dCREB2-a transgenic {C28) 
flies, and hsp-dCR£B2-a transgenic (C30) flies: black bars 
35 - wildtype (Can-S) flies; stripped bars - h8p-dCREB2-a 
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trimsgenic (C28) flies; and white bars « hap-dCREB2-a 
transgenic (C30) flies. 

Figure 15C is a bar graph representation of results 
showing responses three hours after heat shock in wildtype 
5 (Can-S) flies and h8p-dCREB2-a. transgenic (C28) flies to 
odors, either octanol (OCT) or methylcyclohexanol (MCH) , or 
to shock (60 V DC) : black bars « wildtype (Can-S) flies; 
stripped bars - hsp-dCREB2-a trauisgenic (C2e) flies. 

Figure 16A-16C depict the deduced amino acid sequences 

10 of DNOS and mananalian NOSs with amino acid numbering 

starting at the first methionine in each open reading frame 
(ORF) , putative binding domains for cofactors (overlined) 
demarcated as in previously published reports on mammalian 
NOSs, and amino acids which have been proposed as contacts 

15 with FAD and MADPH based on crystal structure of the 

ferrodoxin NADP* reductase (Karplus, P. A., Science, 251: 
60-66 (1991)) conserved at equivalent positions (bullet 
points): DNOS, Drosophila NOS (SEQ ID NO.: 9); RNNOS, rat 
neuronal NOS (SEQ ID NO. : 10) ; BENOS, bovine endothelial 

20 NOS (SEQ ID NO. : 11) ; MMNOS, mouse macrophage NOS (SEQ ID 
NO. : 12) . Sequence alignment and secondary structure 
predictions were performed by Geneworks 2.3 
(IntelliOenetics) . 

Figure 16D is a schematic diagram of the domain 

25 structure of Droaophila and mammalian NOS proteins with the 
proposed cof actor-binding sites for heme (H) , calmodulin 
(CaM) , flavin mononucleotide (FMN) , flavin adenine 
dinucleotide (PAD) , nicotinamide adenine dinucleotide 
phosphate (NADPH) and the glutamine-rich domain (Q) in DNOS 

30 shown. 

Figure 17A'is a photograph of a Western blot showing 
DNOS expression in 293 hximan embryonic kidney cells. 

Figure 17B is a bar graph representation of results 
showing DNOS enzyme activity measured in 293 human 
35 embryonic kidney cell extracts by conversion of *H-L- 
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arglnlne to 'H-L-citrulline: in the presence of exogenous 
Ca'* or calmodulin (group B) ; in the presence o£ 1 vnM EGTA 
without exogenous Ca'^ or calmodulin (group C) ; in the 
presence of 100 mM L-NAME with exogenous Ca'* or calmodulin 
5 (group D) . 

Figure 18A is a photomicrograph of a Northern blot 
showing a 5.0 kb dNOS transcipt present in DroBophila 
heads: H - head; B « body. 

Figure 18B is a photograph of an agarose gel stained 
10 with ethidium bromide showing the expression by the dNOS 
gene of two alternatively spliced mRNA species with the 
arrows indicating the positions of the DNA fragments of the 
expected sizes: the 444 bp long- form fragment and the 129 
bp short -form fragment. The other bands present in the 
15 lane are artifacts from heteroduplexes that failed to 
denature. KB - size markers. 

Figure 18C depicts the alignment of the deduced amino 
acid sequence of two protein isoforms of DNOS and mouse 
neuronal NOS: top part shows the relation between two 
20 conceptual DroBophila NOS proteins, DNOS-1 (amino acid 

residues 408-427 and 513-532 of SEQ ID NO. : 9) and DNOS-2 
(SEQ ID NO. : 14) , corresponding to the longer and shorter 
RT-PCR products, respectively; the bottom part shows the 
relationship between the relevant regions of two protein 
25 isoforms of the mouse neuronal NOS, n-NOS-1 (amino acid 
residues 494-513 and 599-618; SEQ ID NO.: 13 and SEQ ID 
NO.: 15, respectively) and n-NOS-2 (SEQ ID NO.: 16); and 
the numbers indicate the positions of the amino acid 
residues relative to the first methionine in the respective 
30 OFRs. 

Figure 19A-19B depicts the nucleotide sequence (SEQ ID 
NO.: 25) of a dNOS cDNA encoding the DNOS protein. The 
open reading frame of 4050 bp starts at nucleotide 189 and 
ends at nucleotide 4248. 
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Datailed Pgflcrlptlon of the Invention 

Applicants have cloned and characterized two genes, 
designated dCREB2 and dCREBl, isolated through a DNA- 
binding es^ression screen of a Drospphila head cDNA librairy 
5 in which a probe containing three cAMP- responsive element 
(CRE) sites was used. 

The dCREB2 gene codes for the first known cAMP- 
dependent protein kinase (PKA) responsive CREB/ATF 
transcriptional activator in Droaophila. A protein data 

10 base search showed mammalian CREB, CREM and ATF-l gene 
products as homologous to dCREB2. For these reasons, 
dC3Z£B2 is considered to be a member, not only of the 
CREB/ATF family, but of the specific cAMP-responsive 
CaREB/CREM/ATF-1 subfamily. It is reasonable to expect that 

15 dCREB2 is involved in DroBophila processes which are 
emalogous to those which are thought to depend on cAMP- 
responsive transcriptional activation in other animal 
systems . 

Applicants have shown that the dCREB2 transcript 

20 \indergoes alternative splicing. Splice products of dCREB2 
were found to fall into two broad categories: one class of 
transcripts (dCRSB2-a, -b, -c, -d) which enqploys 
alternative splicing of axons 2, 4 and 6 to produce 
isoforms whose protein. products all have the bZIP domains 

25 attached to different versions of the activation domain and 
a second class of transcripts (dCREB2-q, -r, -s) which have 
splice sites which result in in-frame stop codons at 
various positions upstream of the bZIP domain. These all 
predict truncated activation domains without dimerization 

30 or DNA binary activity. 

dCREB2-a, -b, -c and -d are splice forms that predict 
variants of the activation domain attached to a common 
basic region- leucine zipper. These alternative splice 
forms result in seemingly minor changes in the size and 

35 spacing of parts of the activation domain. Nevertheless, 
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altemative splicing o£ the activation domain has profound 
effects on the fvinctional properties of dCREB2 products. 
Isofortn dCREB2-a produces a PKA- responsive transcriptional 
activator in cell culture, whereas dCREB2-b, lacking exons 
5 2 and 6, produces a specific antagonist. This dCREB2 
splicing pattern {and its functional consequences) is 
virtually identical to that seen in the CREM gene. 
Similarly located, alternatively- spliced exons in the CREM 
gene determine whether a particular isoform is an activator 
10 or am antagonist (deGroot, R.P. and P. Sassone-Corsi, Mol. 
Endocrinol., 7: 145-153 (1993); Poulkes, N.S, et al., 
Wature, 355: 80-84 (1992)). 

The ability of the phosphorylation domain (KID domain) 
to activate in trana other constitutive tramscription 
15 factors which are bound nearby could potentially transform 
a CREM antagonist (which contains the KID domain but is 
lacking an exon needed for activation) into a cAMP- 
responsive activator. Since the modular organization of 
these molecules has been conserved, dCREB2-d could have 
20 this property. 

In contrast to the dCREB2 splicing variants that 
encode isofoinms with a basic region- leucine zipper domain, 
the dCREB2-q, -r and -s splice forms incorporate in-frame 
stop codons whose predicted protein products are truncated 
25 before the bZIP region. Isoforros of this type have been 
identified among the products of the CREB gene (deGroot, 
R.P. amd P. Sassone-Corsi, Mol. Endocrinol., 7: 145-153 
(1993); Ruppert, S. et al., EMBOJ., 11: 1503-1512 (1992)) 
but not the CREM gene. The function of these truncated 
30 CREB molecules is not )cnown, but at least one such CREB 
mRNA. is cyclically regulated in rat spermatogenesis 
(Waeber, G. et al., Mol. Endocrinol., 5: 1418-1430 (1991)). 

So far, dCREB2 is the only cAMP- responsive CREB 
transcription factor isolated from Drosophila. Other 
35 DroBophila CREB molecules, BBF-2/dCREB-A (Abel, T. et al.. 
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Genea Dev., 6t 466-488 (1992); Smollk, S.M. et al., Mol. 
Cell Biol., 12: 4123-4131 (1992)), dCREB-B (Usui, T. et 
ml.. Dm and Cell Biology, 1217): 589-595 (1993)) and 
dCRBBl, have less homology to mammalian CREB and C31EM. It 
5 may be that dCREB2 sxibsumes functions of both the CREB and 
CREM genes in Droaophila. The mammalian CREB and CREM 
genes are remarkaUsly similar to one another in several 
respects. It has been suggested that CREB and CREM are the 
product of a gene duplication event (Liu, F. et al., J. 

10 Biol. Chem., 268: 6714-6720 (1993); Riabowol, K.T. et al.. 
Cold Spring Harbor Sywp. Quant. Biol., l: 85-90 (1988)). 
dCRSB2 has a striking degree of amino acid sequence 
similarity to the CREB and CREM genes in the bZIP domain. 
Moreover, comparison of alternative splicing patterns among 

15 CREB, CREM and dCR£B2 indicates that dCRBB2 generates mRMA 
splicing isoforms similar to exclusive products of both 
CREB and CREM. Taken together, the sequence information 
and the splicing organization suggest that dCR£B2 is an 
ancestor of both the mammalian CREB and CREM genes. 

20 As discussed further herein, one phenomenon in which 

dCRBB2 might act with enduring consequences is in long-term 
memory. This possibility is a particularly tempting one 
because recent work in Aplyaia indicates that a CREB factor 
is likely to function in long-term facilitation by inducing 

25 an "immediate early" gene (Alberini, CM. et al.. Cell, 76: 
1099-1114 (1994); Dash, P.K., Wature, 345: 718-721 (1990)). 
Recent experiments with a conditionally-eacpressed dCREB2-b 
transgene indicate that it has specific effects on long- 
term memory in Droao^^la. 

30 The product of the second gene described herein, 

dCREBl, also appears to be a member of the CREB/ATF family. 
Gel -retardation assays Indicate that it binds specifically 
to CRBs. It has a basic region and an adjacent leucine 
zipper at its carboxyl end, but this domain shows limited 

35 amino acid sequence similarity to other CREB/ATF genes. 
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The presumed transcriptional activation domain of dCREBl is 
of the acid- rich variety. Furthermore, it has no consensus 
phosphorylation site for PKA. dCREBl can mediate 
transcriptional activation from CRE-containing reporters in 
5 the DroBophil& L2 cell line, but this activation is not 
dependent on PKA. 

A recurrent finding from work on the biology of 
learning and memory is the central involvement of the cAMP 
signal transduction pathway. In Aplysia, the cAMP 
10 second-messenger system is critically involved in neural 
events underlying both associative and non-associative 
modulation of a behavioral reflex (Kandel, E.R. and J.H. 
Schwartz, Science, 218: 433-443 (1982); Kandel, E.R., et 
al.. In Synaptic Function, Edelmann, G.M., et al. (Eds.), 
15 John Wiley and Sons, New York (1987); Byrne, J.H., et al., 
In AdvstnccB in Second Messenger and Phosphoprotein 
Research, Shenolikar, S. and A.C. Nairn (Eds.), Raven 
Press, New York, pp. 47-107 (1993)). In Droaophi la, two 
mutants, dunce and rutabaga, were isolated in a behavioral 
20 screen for defects in associative learning and are lesioned 
in genes directly involved in cAMP metabolism (Quinn, W.G., 
et al., Proc. Natl. Acad. Sci. USA, 71: 708-712 (1974); 
Dudai, Y.. et al., Proc. Natl. Acad. Sci., USA 73: 1684- 
1688 (1976); Byers, D. et al.. Nature, 289: 79-81 (1981); 
25 Livingstone, M.S., et al . , Cell, 37: 205-215 (1984); Chen. 
C.N. et al., Proc. Natl. Acad. Sci. USA, 83: 9313-9317 
(1986); Levin, L.R., et al . , Cell, 68: 479-489 (1992)). 
These latter observations were extended with a 
reverse -genetic approach using inducible transgenes 
30 expressing peptide inhibitors of cAMP- dependent protein 
kinase (PKA) and with analyses of mutants in the PKA 
catalytic svibunit (Drain, P. et al.. Neuron, 6: 71-82 
(1991); Skoulakis, E.M., et al.. Neuron, 11: 197-208 
(1993)). Recent work on maromaliam long-term potentiation 
35 (LTP) also has indicated a role for cAMP in synaptic 
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plasticity (Prey, U., et al., Science, 260: 1661-1664 
(1993); Huang, Y.Y. and B.R. Kandel, In LeaxTiing and 
M&nozy, vol. 1, pp. 74 -82, Cold Spring Harbor Press, Cold 
Spring Harbor, NY (1994)). 
5 The formation of long- lasting memory in animals and of 

long-term facilitation in Aplysia can be disrupted by drugs 
that interfere with transcription or translation (Agranoff , 
B.W. et al., Brain Rea., 2: 303-309 (1966); Barondes, S.H. 
and H.D. Cohen, Wature, 218-. 271-273 (1968); Davis, H.P. 

10 and L.R. Squire, Paychol. Bull., 96t 518-559 (1984); 
Rosenzweig, M.R. and E.L. Bennett, In Neurobiology of 
Learning and Memory, Lynch, 6., et al. (Eds.), The Guilford 
Press, New York, pp. 263-288, (1984); Montarolo, P.G., et 
al.. Science, 234: 1249-1254 (1986)). This suggests that 

15 memory consolidation requires de novo gene esqpression. 
Considered along with the involvement of the cAMP 
second-messenger pathway, this requirement for newly 
synthesized gene products suggests a role for 
cAMP- dependent gene expression in long-term memory (LTM) 

20 formation. 

In mammals, a subset of genes from the CREB/ATF family 
are Icnown to mediate cAMP-responsive transcription 
(Habener, J. P., Mol. Endocrinol., 4: 1087-1094 (1990); 
deGroot, R.P. and P. Sassone-Corsi, Mol. Endocrinol., 7; 

25 145-153 (1993)). CREBs are members of the basic region- 
leucine zipper transcription factor superfamily; 
(Landschulz, W.H. et al,. Science, 240: 1759-1764 (1988)). 
The leucine zipper domain mediates selective homo- and 
hetero-dimer formation among family members (Hai, T.Y. et 

30 al., Genea & Dev., 3: 2083-2090 (1989); Hai, T. and T. 

Curran, Proc. Natl. Acad. Sci. USA, 88-. 3720-3724 (1991)). 
CREB dimers bind to a conserved enluuicer element (CRE) 
found in the upstream control region of many 
cAMP-responsive mammalian genes (Yamamoto, K.K. , et al., 

35 Mature, 334: 494-498 (1988)). Some CREBs become 
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transcriptlonal activators when specifically phosphorylated 
by PKA (Gonzalez, 6. A. and M.R. Montminy, Cell, 59: 675-680 
(1989); Foulkes, N.S. etal., Wature, 355: 80-84 (1992)), 
while others, isoforms from the CREM gene, are functional 
5 antagonists of these PKA- responsive activators (Foulkes, 
N.S. et aJ., Cell, 64: 739-749 (1991); Foulkes, N. and P. 
Sassone-Corsi, Cell, 68: 411-414 (1992)). 

Work in Aplysia has shown that cAMP- responsive 
trauiscription is involved in long-term synaptic plasticity 
10 (Schacher, S. et al.. Science, 240: 1667-1669 (1988); Dash, 
P.K., Wature, 345: 718-721 (1990)). A primaiy neuronal 
co-culture system has been used to study facilitation of 
synaptic transmission between sensory and motor neurons 
comprising the monosynaptic coit^onent of the Aplysia 
15 gill -withdrawal reflex. Injection of oligonucleotides 

containing CRE sites into the nucleus of the sensory neuron 
specifically blocked long-term facilitation (Dash, P.K., 
Nature, 345: 718-721 (1990)). This result suggests that 
titration of CREB activity might disrupt long-term synaptic 
20 plasticity. 

Described herein is the cloning and characterization 
of a DroBophila C!REB gene, dCREB2. This gene produces 
several isoforms that share overall structural homology and 
nearly complete amino acid identity in the basic 
25 region- leucine zipper with mammalian CREBs. The dCREB2-a 
isoform is a PKA- responsive transcriptional activator 
whereas the dCREB2-b product blocka PKA- responsive 
transcription by dCREB2-a in cell culture. These molecules 
with opposing activities are similar in function to 
30 isoforms of the mammalian CREM gene (Foulkes, N.S. et al.. 
Cell, 64: 739-749 (1991); Foulkes, N. and P. Sassone-Corsi, 
Cell, 68: 411-414 (1992); Foulkes, N.S. et al., Wature, 
355: 80-84 (1992)). The numerous similarities in sequence 
and fxinction between dCREB2 and mammalian CREBs suggest 
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that cAMP- responsive transcription is evolutionarily 
conserved. 

Genetic studies of memory formation in Droaophila have 
revealed that the formation of a protein synthesis- 
5 dependent long-term memory (LTM) requires multiple training 
sessions with a rest interval between them. As discussed 
further herein, this LTM is blocked specifically by induced 
ea^ression of a repressor isoform of the cAMP- responsive 
transcription factor CREB. Also as discussed further 

10 herein, LTM information is enhanced after induced 

expression of an activator form of CREB. Maximum LTM is 
achieved after just one training session. 

To investigate the role of CREBs in long-term memory 
(LTM) formation in Drosophila, dominant -negative transgenic 

15 lines which express dCREB2-b under the control of a 

heat -shock promoter (hs-dCREB2-b) were generated. Groups 
of flies, which had been heat-shock induced or left 
xininduced, were tested for memory retention after Pavloviaui 
olfactory learning. This acute induction regimen minimized 

20 potential con^lications from inappropriate esqpression of 
dCREB2-b during development and allowed a clear assessment 
of the effect of hs-dC3ZEB2-Jb induction on memory formation. 

In Drosophila, consolidated memory after olfactory 
learning is composed of two genetically distinct 

25 components: anesthesia-resistant memory (ARM) and long-term 
memory (LTM) . ARM decays to zero within four days after 
training, and formation of ARM is insensitive to the 
protein synthesis inhibitor cycloheximide (CXM) but is 
disrupted by the radiab mutation (Folkers, E., et al., 

30 Proc. Natl. Acad. Sci. VSA, 90-. 8123-8127 (1993)). In 
contrast, LTM shows essentially no decay over at least 
seven days, its formation is cycloheximide -sensitive and it 
is not disrupted by radish. Two different training 
protocols involving massed and spaced sessions were 
35 employed (Ebbinghaus, H., Qber das Gedachcnis, Dover, New 
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York (1885); Baddeley, A.D., The Paychology of Memjry, 
Basic Books, New York (1976)) to dissect memory formation. 
The massed training procedure consists of ten consecutive 
training cycles with no rest interval between them, while 
5 the spaced training protocol consists of the same number of 
sessions but with a 15 -minute rest between each. Their 
genetic dissection revealed that the massed protocol 
produced only ARM, while the spaced protocol produced 
memory retention composed of both ARM and LTM. 

10 The behavioral results show that formation of LTM is 

completely blocked by induced expression of hs-dCREB2-b. 
This effect is remarkable in its behavioral specificity. 
ARM, a fotm of consolidated memory genetically 
distinguishable from LTM, but co-existing with it one-day 

15 after spaced training, was not affected. Learning and 
peripheral behaviors likewise were normal. Thus, the 
effect of the induced hs-dCREB2-b transgene is specific to 
LTM. 

Induction of the mutant blocker did not affect LTM. 
20 This result, together with the molecular data which showed 
that induction of the wild- type blocker did not have 
widespread effects on transcription, suggests that the 
blocker is reasonably specific at the molecular level when 
it specifically blocks LTM. The wild-type blocker may 
25 disrupt cAMP- dependent transcription in vivo, since it can 
block CAMP -responsive transcription in cell culture. It is 
reasonable to infer that dimerization is necessary for 
blocker function and that the wild-type blocker could 
interfere with cAMP- responsive transcription either by 

30 forming heterodimers with dCREB2-a, the activator, or by 
forming homodimers and competing for DNA binding with 
homodimers of dCREB2-a. Thus, activators and repressors 
may form homodimers or heterodimers. It is reasonable to 
infer that long term memory is enhanced when the level of 

35 activator homodimer is increased from normal and/or when 
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the level of actlvator-repressor heterodimer is decreased 
£rom normal ud/or when the level of repressor homodimer is 
decreased from normal. In any case, the molecular 
target (s) of dC3iEB2-b are likely to be interesting because 
5 of the behavioral specificity of the block of LTM. 

In DroBophila, consolidation of memory into long- 
lasting forms is subject to disruption by various agents. 
A single-gene mutation radiah and the pharmacological agent 
CXM were used to show that long-lasting memory in flies is 

10 dissectable into tvro conqponents , a C!XM- insensitive ARM, 
which is disrupted by radish, and a CXM- sensitive LTM, 
which is normal in radiah mutants. As described herein, 
CREB-family members are likely to be involved in the CXM- 
sensitve, LTM branch of memory consolidation. The results 

15 described herein, taken together with the showing that 
long-term memory is dissectable into a CXM-insentive ARM 
and a C3CM- sensitive LTM, show that only one functional 
component of consolidated memory after olfactory learning 
lasts longer than four days, requires de novo protein 

20 synthesis and involves CREB-family members. 

Based on work in Aplysia, a model has been proposed to 
describe the molecular mechanism (s) underlying the 
transition from short-term, protein synthesis -independent 
to long-term, protein synthesis -dependent synaptic 

25 plasticity (Alberini, CM. et al., Cell, 76: 1099-1114 
(1994)). The present work in Drosophila on long-term 
memory extends this model to the whole organism. Important 
molecular aspects of this transition seem to involve 
migration of the catalytic subunit of PKA into the nucleus 

30 (Backsai, B.J. eC al.. Science, 260: 222-226 (1993)) and 
subsequent phosphorylation and activation of CREB-family 
members (Dash, P.K., Nature, 345: 718-721 (1990); Kaang, 
B.K., et al.. Neuron, 10: 427-435 (1993)). In flies, it is 
likely that the endogenous dCREB2-a isoform is one of these 

35 nuclear targets. Activated dCREB2-a molecules then might 
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transcribe other target genes, including the immediate 
early genes- -as is apparently the case in Aplysia. 
(Alberini, CM. etal.. Cell, 76: 1099-1114 (1994)). 

It is remarkable that the cAMP signal transduction 
5 pathway, including its nuclear components, seem to be 
required for memory- related functions in each of these 
species and behavioral tasks. Taken together with cellular 
analyses of a long- lasting form of LTP in hippocampal 
slices (Frey, U. , etal.. Science, 260: 1661-1664 (1993); 
10 Huang, Y.Y. and E.R. Kandel, In Learning and Memory, 

vol. 1, pp. 74 -82, Cold Spring Harbor Press, Cold Spring 
Harbor, NY (1994)), the emerging picture is that 
cAMP- responsive transcription is a conserved molecular 
switch involved in the consolidation of short-term memory 
15 to long-term memory. Thus, it is reasonable to infer that 
differential regulation of CREB isoforms serves as a 
molecular switch for the formation of long term memory. 

A universal property of memory formation is that 
spaced training (repeated training sessions with a rest 
20 interval between them) produces stronger, longer -lasting 
memory than massed training (the same number of training 
sessions with no rest interval) (Ebbinghaus, H., ta?er das 
Gedachtnis, Dover, New York (1885); Hintzman, D.L., In 
Theories in Cognitive Paychology: The Loyola Symposium, 
25 R.L. Solso (Ed.), pp. 77-99, Lawrence Erlbaum Assoc . , 

Hillsdale, New Jersey (1974); Carew, T.J., et al.. Science, 
175: 451-454 (1972); Frost, W.N., et al., Proc. Natl. Acad. 
Sci. USA, 82: 8266-8269 (1985)). This phenomenon also 
exists in fruit flies for a conditioned odor avoidance 
30 response (Tully. T. and W.G. Quinn, J. Comp. Phyeiol. 157: 
263-277 (1985)). Genetic dissection of this long-lasting 
memory has revealed, however, an important difference 
between massed and spaced training. Spaced training 
produces two functionally independent forms of consolidated 
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memory, ARM and LTM, while massed training produces only 
ARM. 

As described herein, ARM and LTM differ primarily in 
their requirement for protein synthesis during induction. 

5 ARM is not affected when flies are fed the protein 

synthesis inhibitor cycloheximide (CXM) immediately before 
or after training, while LTM is completely blocked under 
the same feeding conditions. ARM in normal flies also 
decays away within four days after training, while LTM 

10 shows no decay for at least seven days. Thus, protein 

synthesis is required to induce LTM, but LTM is maintained 
indefinitely once formed. These latter properties of LTM 
have been observed throughout the animal kingdom (Davis, 
H.P. and L.R. Squire, Psychol. Bull., 96: 518-559 (19B4) ; 

15 Castellucci, V.F., etal., J.NeurobioJ . , 20: 1-9 (1989); 
Erber, J., J.Comp.PhyBiol .Peychol . , 90: 41-46 (1976); 
Jaffe, K., PhyBiol.Behav. , 25: 367-371 (1980)). The 
emerging neurobiological interpretation is that formation 
of LTM involves protein synthesis -dependent structural 

20 changes at relevant synapses (Greenough, W.T., TINS, 7: 
229-283 (1964) ; Buonomano, D.V. and J.H. Byrne, Science, 
249: 420-423 (1990); Nazif, F.A., et al.. Brain Res,, 539: 
324-327 (1991); Stewart, M.G., In Weural and Behavioural 
Plaaticity: The Use of the Domeetic Chick As A Model, R.J. 

25 Andrew (Ed.), pp. 305-328, Oxford, Oxford (1991); Bailey, 
C.H. and E.R. Kandel, Seia.NeuroBci . , 6:35-44 (1994)). The 
modem molecular view is that regulation of gene expression 
\mderlies this protein synthesis -dependent effect (Goelet, 
P. et al., Wature, 322: 419-422 (1986); Gall, CM. and J.C. 

30 Lauterbom, In Memory: Organization and Locus of Change, 
L.R. Squire, et al., (Eds.) pp. 301-329 (1991); Armstrong, 
R.C. and M.R. Montminy, Annu.Rev.Weurosci. , 16: 17-29 
(1993)) . 

Why is spaced training required to induce LTM? The 
35 massed and spaced procedures both entail ten training 
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sessions; conseqfuently, flies receive eqpuivalent exposure 
to the relevant stimuli (one odor temporally paired with 
electric shock and a second odor presented without shock) . 
The only procedural difference between massed and spaced 
5 training is the rest interval between each training 

session. The absence of a rest interval between sessions 
during massed training does not appear to disrupt the 
memory formation process. The level of initial learning 
assayed immediately after massed training is similar to 
10 that after spaced training. In addition, ARM levels are 

similar after both training procedures. Thus, the preaence 
of a rest interval during spaced training seems crucial to 
the induction of LTM. 

To investigate the temporal kinetics of this rest 
15 interval in relation to the formation of LTM (Figures 13A 
and 13B) , it was first established that the usual ten 
sessions of spaced training produced maximal 7 -day memory 
retention (7-day retention is composed solely of LTM, since 
ARM decays to zero within four days. 
20 Figure 13A shows that 15 or 20 training sessions did 

not improve memory retention. Thus, ten spaced training 
sessions produces maximal, asyn^totic levels of LTM. 

LTM as a function of the length of the rest interval 
between 10 spaced training sessions was then assessed. 
25 Figure 13B reveals a continuous increase in LTM from a 0- 
min rest interval (massed training) to a 10 -minute rest 
interval, at which time LTM levels reach maximum. Longer 
rest intervals yielded similar memory scores. These 
observations of LTM formation suggest an underlying 
30 biological process, which changes quantitatively during the 
rest interval between sessions and which accumulates over 
repeated training sessions. 

In transgenic flies, the formation of LTM, but not ARM 
or any other aspect of learning or memory, is disrupted by 
35 induced expression of a repressor form of the cAMP- 
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responsive transcription factor CREB (Example 4) . Mutating 
two amino acids in the "leucine zipper" dimerization domain 
of this CREB repressor was sufficient to prevent the 
dominant -negative effect on LTM. Thus, indication of LTM 
5 is not only protein synthesis-dependent but also is CREB- 
dependent. Stated more generally, CREB fiinction is 
involved specifically in a form of a memory that is induced 
only by spaced training. This observation was particularly 
intriguing in light of the molecular nature of CREB. 

10 In DroBophila, transcriptional and/or post- 

translational regulation of dCREB2 yields several mRNA 
isoforms. Treuisient transfection assays in mammalian F9 
cells have demonstrated that one of these isoforms (CREB2- 
a) functions as a cAMP-responsive activator of transcrip- 

15 tion, while a second isoform (CREB2-b) acts as an 

antagonistic repressor of the activator (Example 1; cf . 
Habener, J.F., Mol. Endocrinol., 4: 1087-1094 (1990); 
Poulkes, N. and P. Sassone-Corsi, Cell, 68: 411-414 
(1992)). (This repressor isoform was used previously to 

20 generate the inducible transgene mentioned above.) The 
existence of different CREB isoforms with opposing 
functions suggested an explanation for the requirement of 
multiple training sessions with a rest interval between 
them for the formation of LTM. 

25 In its sin^lest form, this model (Example 7; Figure 

14} supposes that cAMP- dependent protein kinase (PKA) , 
activated during training, induces the synthesis and/or 
fiinction of both CREB activator and repressor isoforms (cf . 
Yamamoto, K.K., etal., Mature, 334: 494-498 (1988); 

30 Backsai, B.J. etal.. Science, 260: 222-226 (1993)). 

Immediately after training, enough CREB repressor exists to 
block the ability of CREB activator to induce donmstream 
events. Then, CREB repressor isoforms are inactivated 
faster than CREB activator isoforms. In this manner, the 

35 net amount of functional activator (AC-CREB2a - CREB2b) 
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increases during a rest interval and then accumulates over 
repeated training sessions (with a rest interval) to induce 
further the downstream targets involved with the formation 
of LTM (Montarolo, P.G., et al.. Science, 234t 1249-1254 
5 (1986); Kaang, B.K., etal.. Neuron, 10: 427-435 (1993)). 

This model leads to three predictions, which have been 
confirmed. First, if the functional difference between 
CREB activator and repressor isoforms is zero (AC>0) 
immediately after one training session, then additional 
10 massed training sessions should never yield LTM. Figure 

ISA shows that 48 massed training sessions, rather than the 
usual 10, still does not produce amy 7-day memory 
retention. Second, if the amount of CREB repressor is 
increased experimentally, AC will be negative immediately 
15 after training (AC < 0) . Then, enough CREB repressor may 
not decay during a rest interval to free enough CREB 
activator for induction of LTM. This has been shown to be 
the case for spaced training (15-min rest interval) after 
inducing the expression of a hsp-dCJ?EB2-i3 (repressor) 
20 transgene three hours before training (Example 4) . Third, 
if the amount of CREB activator is increased 
es^erimentally, AC will be positive immediately after 
training (AC > 0). This effect, then, should eliminate or 
reduce the rest interval required to induce LTM. Figure 
25 15B shows the results from recent experiments in which the 
expression of a h8p-dCREB2-a (activator) transgene was 
induced three hours before training. In these transgenic 
flies, massed training produced maximal LTM. This effect 
appeared not to arise trivially, since olfactory acuity, 
30 shock reactivity (Figure 15C) and initial learning were 
normal in transgenic flies after heat shock- induction. 
Thus, the requirement for a rest interval between training 
sessions to induce LTM specifically was eliminated. 

Figure 15B also shows that maximal LTM occurred in 
35 induced hflp-dCR£B2-a transgenic flies after just one 
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tralnlng session. The usual requirement for additional 
training to form a strong, long- lasting memory was no 
longer necessary. Thus, Induced overexpresslon of a CREB 
activator has produced in otherwise normal flies, the 
5 fvinctional equivalent of a "photographic" memory. This 
result indicates that the amount of CREB activator present 
during training -- rather than the amovint of activated PKA 
that reaches CREB in the nucleus, for instamce (cf. 
Backsai, B.J. etal.. Science, 260: 222-226 (1993); Kaang, 

10 B.K., et al.. Neuron, 10: 427-435 (1993); Prank, D.A. and 
M.E. Greenberg, Cell, 79: 5-8 (1994)) -- is the rate- 
limiting step of LTN formation. Taken together, results 
from these experiments support the notion that the opposing 
functions of CREB activators and repressors act as a 

15 "molecular switch" (cf. Foulkes, N.S. et al.. Nature, 355: 
80-84 (1992)) to determine the parameters of extended 
training (number of training sessions and rest Interval 
between them) required to form maximum LTM. 

To date, seven different dCREB2 RNA isoforms have been 

20 identified, and more are hypothesized to exist. Each may 
be regulated differentially at transcriptional (Meyer, 
T.E., et al.. Endocrinology, 132: 770-780 (1993)) and/or 
translation levels before or during LTM formation. In 
addition, different combinations of CREB isoforms may exist 

25 in different (neuronal) cell types. Consequently, many 

different combinations of activator and repressor molecules 
are possible. From this perspective, the notions that a.11 
activators and repressors are induced during a training 
session or that all repressors inactivate faster than 

30 activators (see above) need not be true. Instead, the 

model requires only that AC (the net function of activators 
and repressors) is less than or equal to zero immediately 
after training and the increases with time (rest interval) . 
Theoretically, particular combinations of activator 

35 and repressor molecules in the relevant neuron (s) should 
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determine the rest interval and/or number of training 
sessions necessary to produce maximum LTM for any 
particular task or species. Thus, the molecular 
identification and biochemical characterization of each 
5 CREB activator and repressor isoform used during LTM 
formation in fruit flies is the next major step toward 
establishing the validity of our proposed model. Similar 
experiments in other species may establish its generality. 
CREB certainly is not involved exclusively with LTM. 
10 The dCREB2 gene, for instance, is expressed in all fruit 
fly cells and probably acts to regulate several cellular 
events (Foulkes, N-S. et al., Mature, 355: 80-84 (1992)). 

So, what defines the specificity of its effects on 
LTM? Specificity most likely resides with the neuronal 
15 circuitry involved with a particular learning task. For 
olfactory learning in fruit flies, for instance, CREB 
probably is modulated via the cAMP second messenger 
pathway. Genetic disruptions of other components of this 
pathway are known to affect olfactory learning and memory 
20 (Livingstone, M.S., etal.. Cell, 37: 205-215 (1984); 

Drain, P. et al., Neuron, 71-82 (1991); Levin, L.R. , et 
al.. Cell, 68: 479-489 (1992); Skoulakis, E.M., et al., 
Neuron 11: 197-208 (1993); Qiu, Y. and R.L. Davis, Genes 
Develop. 7: 1447-1458 (1993)). Presumably, the stimuli 
25 used during conditioning (training) stimulate the 
underlying neuronal circuits. The cAMP pathway is 
activated in (some) neurons participating in the circuit, 
and CREB-dependent regulation of gene expression ensues in 
the ''memory cells". This neurobiological perspective 
30 potentially will be established in Droeophila by 

identifying the neurons in which LTM-specific CREB function 
resides. Experiments using a neuronal co- culture system in 
Aplyaia already have contributed significantly to this 
issue (Alberini, CM. et al.. Cell, 76: 1099-1114 (1994) 
35 amd references therein) . 
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The involvement of CREB in memory, or in the 
structural changes of neurons which xinderlie memory in 
vivo, also has been implicated in mollusks (Dash, P.K. , 
Nature, 345-. 718-721 (1990); Alberini, CM. et al.. Cell, 
5 76: 1099-1114 (1994)) and in mice (Bourtchuladze, R., et 
al.. Cell, 79: 59-68 (1994)). Ample evidence also exists 
for the involvement of the cAMP second messenger pathway in 
associative learning in Aplyaia (Kandel, E.R., et al., In 
Synaptic Function, Edelmann, G.M., et al. (Eds.), John 
10 Wiley and Sons, New York (1987); Byrne, J.H., et al . , In 
Advances in Second Meeeenger and Phosphoprotein Research, 
Shenolikar, S. and A.C. Nairn (Eds.), Raven Press, New 
York, pp. 47-107 (1993)) and in rat hippocampal long-texro 
potentiation (LTP) , a cellular model of associative 
15 learning in vertebrates (Prey, U., et al.. Science, 260: 
1661-1664 (1993) ; Huang, Y.Y. and E.R. Kandel, In Learning 
and Memory, vol. l, pp. 74-82, Cold Spring Harbor Press, 
Cold Spring Harbor, NY (1994)). Finally, cellular and 
biochemical experiments have suggested that CREB fiinction 
20 may be modulated by other second messenger pathways (Dash, 
P.K., et al., Proc. Natl. Acad. Sci. USA 88: 5061-5065 
(1991); Ginty, D.D. etal.. Science, 260: 238-241 (1993); 
deGroot, R.P. and P. Sassone-Corsi, JMbl. Endocrinol., 7: 
145-153 (1993)). These observation suggest that CREB might 
25 act as a molecular switch for LTM in many species emd 
tasks . 

Finally, why might the formation of LTM require a 
molecular switch? Many associative events occur only once 
in an animal's lifetime. Forming long-term memories of such 

30 events would be unnecessary and if not cotinterproductive . 
Instead, discrete events experienced repeatedly are worth 
remembering. In essence, a recurring event con^rises a 
relevant signal above the noise of one-time events. 
Teleologically, then, the molecular switch may act as an 

35 information filter to ensure that only discrete but 
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recurrlng events are remembered. Such a mechanism would 
serve efficiently to tailor an individual's behavioral 
repertoire to its unique environment. 

The present invention also relates to isolated DNA 

5 having sequences which encode (1) a cyclic 3' ,5' -adenosine 
monophosphate (cAMP) responsive transcriptional activator, 
or a functional fragment thereof, or (2) an antagonist of a 
cAMP responsive transcriptional activator, or a functional 
fragment thereof, or (3) both an activator euid an 

10 antagonist, or functional fragments thereof of both. 

The invention relates to isolated DNA having sequences 
which encode Droaophila dCREB2 isoforms, or functional 
analogues of a dCREB2 isoform. As referred to herein, a 
functional analogue of a dCREB2 isofoinn comprises at least 

15 one function characteristic of a Drosophila dCREB2 isoform, 
such as a cAMP- responsive transcriptional activator 
function and/or an antagonistic repressor of the cAMP 
activator function. These functions (i.e., the capacity to 
mediate PKA- responsive transcription) may be detected by 

20 standard assays (e.g., assays which monitor for CREB- 
dependent activation) . For example, assays in F9 cells 
have been used extensively to study CREB- dependent 
activation because their endogenous cAMP- responsive system 
is inactive; (Gonzalez, G.A. et al.. Nature, 337: 749-752 

25 (1989); Masson, N. et al., Mol. Cell Biol., 12: 1096-1106 
(1992); Masson, N. et al.. Nucleic Acids Res., 21: 1163- 
1169 (1993)). 

The invention further relates to isolated DNA having 
sequences which encode a Droaophila dCREB2 gene or a 
30 fvmctional fragment thereof. Isolated DNA meeting these 
criteria comprise nucleic acids having sequences identical 
to sequences of naturally occurring Drosophila dCREB2 and 
portions thereof, or variemts of the naturally occurring 
sequences. Such variants include mutamts differing by the 
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addltion, deletion or substitution of one or more nucleic 
acids . 

The invention relates to isolated DNA that are 
characterized by (1) their ability to hybridize to a 
5 nucleic acid having the DNA sequence in Figure lA (SEQ ID 
NO. : 1) or its complement, or (2) by their ability to 
encode a polypeptide of the amino acid sequence in Figure 
lA (SEQ ID NO. : 2) or functional equivalents thereof (i.e., 
a polypeptide which functions as a cAMP responsive 

10 transcriptional activator), or (3) by both characteristics. 
Isolated nucleic acids meeting these criteria conprise 
nucleic acids having sequences homologous to sequences of 
mammalian CSREB, CREM and ATF-1 gene products. Isolated 
nucleic acids meeting these criteria also comprise nucleic 

15 acids having sequences identical to sequences of naturally 
occurring dCREB2 or portions thereof, or variemts of the 
naturally occurring seq[uences. Such variants include 
mutants differing by the addition, deletion or substitution 
of one or more residues, modified nucleic acids in which 

20 one or more residues is modified (e.g., DNA or RNA 

analogs) , and mutants comprising one or more modified 
residues . 

Such nucleic acids can be detected and isolated under 
high stringency conditions or moderate stringency 

25 conditions, for example. "High stringency conditions" and 
■moderate stringency conditions" for nucleic acid 
hybridizations are explained on pages 2.10.1-2.10.16 (see 
particularly 2.10.8-11) and pages 6.3.1-6 in Current 
Protocole in Molecular Biology (Ausubcl, F.M. £t aLu. eds, 

30 Vol. 1, Suppl. 26, 1991), the teachings of which are 

incorporated herein by reference. Factors such as probe 
length, base con^sition, percent mismatch between the 
hybridizing sequences, ten^erature and ionic strength 
influence the stability of nucleic acid hybrids. Thus, 

35 high or moderate stringency conditions can be deter imined 
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empirically, depending in part upon the characteristics of 
the known DNA to which other unknown nucleic acids are 
being compared for homology. 

Isolated nucleic acids that are characterized by their 
5 ability to hybridize to a nucleic acid having the sequence 
in Figure lA or its complement (e.g., under high or 
moderate stringency conditions) may further encode a 
protein or polypeptide which functions as a cAMP responsive 
transcriptional activator. 

10 The present invention also relates to isolated DMA 

having sequences which encode an enhancer- specif ic 
activator, or a functional fragment thereof. 

The invention further relates to isolated DNA having 
sequences which encode a Droeophila dCREBl gene or a 

15 functional fragment thereof. Isolated DNA meeting these 
criteria comprise nucleic acids having sequences identical 
to sequences of naturally occurring DrosophiJa dCREBl and 
portions thereof, or variants of the naturally occurring 
sequences. Such variants include mutants differing by the 

20 addition, deletion or substitution of one or more nucleic 
acids. 

The invention further relates to isolated DNA that are 
characterized by (1) their ability to hybridize to a 
nucleic acid having the DNA sequence in Figure 5 (SEQ ID 
25 NO.: 7) or its complement, or (2) by their ability to 

encode a polypeptide of the amino acid sequence in Figure 5 
(SEQ ID NO. : 8), or by both characteristics. Isolated DNA 
meeting these criteria also comprise nucleic acids having 
sequences identical to sequences of naturally occurring 
30 dCREBl or portions thereof, or variants of the naturally 
occurring sequences. Such variants include mutemts 
differing by the addition, deletion or substitution of one 
or more residues, modified nucleic acids in which one or 
more residues is modified (e.g., DNA or RNA analogs), and 
35 mutants comprising one or more modified residues. 
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Such nucleic acids can be detected and isolated under 
high stringency conditions or moderate stringency 
conditions as described above, for exanqple. 

Fragments of the isolated DNA which code for 
5 polypeptides having a certain function can be identified 
and isolated by, for example, the method of Jasin, M. , et 
al., U.S. Patent No. 4,952,501. 

Nitric Oxidg in InYgrtebratee ; DroeophUa duos Gene codes 

for a Ca'VCalraodulin-Dependent Nitric Oxide Synthase 

10 Nitric oxide (NO) is a gaseous mediator of a wide 

variety of biological processes in mammalian organisms, 
i^plicants have cloned the Drosophila gene, dNOS, coding 
for a Ca'VcalnKxiulin-dependent nitric oxide synthase 
(NOS) . Presence of a functional NOS gene in Drosophila 

15 provides conclusive evidence that invertebrates synthesize 
NO and presumably use it as a messenger molecule. 
Furthermore, conseinration of an alternative RNA splicing 
pattern between dNDS and vertebrate neuronal NOS, suggests 
broader functional homology in biochemistry and/or 

20 regulation of NOS. 

NO is synthesized by nitric oxide synthases (NOSs) 
during conversion of L-arglnine to L-citrulline (Knowels, 
R.G., et al., Biochem. J., 298: 249 (1994); Nathan, C. , et 
al., J. Biol. Chem., 269: 13725 (1994); Marietta, M.A., J. 

25 Biol. Chem., 268: 12231 (1993)). Biochemical 

characterization of NOSs has distinguished two general 
classes: (i) constitutive, dependent on exogenous Ca'* and 
calmodulin and <ii) inducible, independent of exogenous 
Ca'* and calmodulin. Analyses of cDNA clones have 

30 identified at least three distinct NOS genes in mammals 
(Bredt, D.S., et al., JMature, 351: 714-718 (1991); Lamas, 
S., et al., Ptoc. Natl. Acad. Sci. USA, 89: 6348-6352 (1992); 
Lyons, C.R., et al., J. Biol. Chem., 267: 6370 (1992); 
Lowenstein, C.J., et al., Proc. Natl. Acad. Sci. USA, 89: 
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6711 (1992); SeBsa, W.C., etal., J.Biol.Cbem. , 267: 15274 
(1992); Geller, D.A., et al., Proc. Natl. Acad. Sci. USA, 
90: 3491 (1993); Xie, Q. et al . , Science, 256: 225-228 
(1992)) neuronal, endothelial and macrophage, the former 
5 two of which are constitutive and the latter of which is 
inducible. The nomenclature for these different isoforms 
used here is historical, as it is clear now that one or 
more isoforms can be present in the same tissues (Dinerman, 
J.L., et al., Proc. Natl. Acad. Sci. USA, 51s 4214-4218 
10 (1994)). 

As a diffusible free-radical gas, NO is a 
multifxinctional messenger affecting many aspects of 
mammalian physiology [for reviews, see Dawson, T.M., et 
al., Ann. Neurol. 32: 297 (1992); Nathan, C, FASEB J. 6: 
15 3051 (1992); Moncada, S., et al., N. Eng. J. Med., 329: 

2002-2012 (1993); Michel, T., et al., Ainer. J. Cardiol. 72: 
33C (1993); Schuman, E.M., et al., Annu. Rev. Neurosci. 17: 
153-183 (1994)] . NO originally was identified as an 
endothelium-derived relaxing factor responsible for 
20 regulation of vascular tone (Palmer, R.M.J. , JWature 327: 

524 (1987); Palmer, R.M.J. , etal., Wature 333: 664 (1988); 
Ignarro, L.J., et al., Proc. Natl. Acad. Sci. USA, 84: 9265 
(1987)) and as a factor involved with macrophage -mediated 
cytotoxicity (Marietta, M.A., et al.. Biochemistry 21: 8706 
25 (1988); Hibbs, J.B., et al., Biochem. Biophye. Res. Comm. 
157: 87 (1989); Steuhr, D. J. , et al., J. Exp. Med., 169: 
1543 (1989)) . Since NO has been implicated in several 
physiological processes including inhibition of platelet 
aggregation, promotion of inflammation, inhibition of 
30 lymphocyte proliferation and regulation of microcirculation 
in kidney (Radomski, M., st al- . Pr<?g. Natl. Agad. SCA, VSA 
fil: 5193 (1990); Albina, J.E., .7. Immunol. 147: 144 (1991); 



35 NO also has been shown to play a role in cell-cell 
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interactions in mammalian central and peripheral nervous 
systems --in regulating neurotransmitter release, 
modulation of MMDA receptor- channel functions, 
neurotoxicity, nonadrenergic noncholonergic intestinal 
5 relaxation (Uemura, Y. , £^ fil. , Ann. Neurol. 27; 620-625 
(1990) ) and activity- dependent regulation of neuronal gene 
expression (Uemura, Y., atal-, Ann. Neurol. 21: 620 
(1990); Dawson, V.L., fiSL Al- , Proe. Natl. Acad. Sci. USA 
SS.- £368 (1991); Lei, S.Z., fi£ aI* , Neuron B; 1087 (1992); 

10 Prast, H., Eur. J. Pharmacol. 216: 139 (1992); 

Peunova, N., Nature 364 ; 450 (1993)). Recent reports of NO 
ftinction in synaptogenesis and in apoptosis during 
development of the rat CNS (Bredt, D.S., Neuron H: 301 
(1994); Roskams, A.J., HsiUZSm 11: 289 (1994)) suggest that 

15 NO regulates activity- dependent mechanism (s) underlying the 
organization of fine-structure in the cortex (Edelman, 
G.M., fital-/ Proe. Natl. Acad. Sci. USA 89: 11651-11652 ' 

(1992) ). NO also appears to be involved with long-term 
potentiation in hippocampus and long-term depression in 

20 cerebellum, two forms of synaptic plasticity that may 
underlie behavioral plasticity (Bohme, 6. A., Eur. J. 
Pharmacol. 199 ; 379 (1991); Schuman, E.M., Science 254; 
1503 (1991); O'Dell, T.J., £SL dl- « Proe. Natl. Acad. Sci. 
JlSh S3.'' 11285 (1991); Shibuki, K. , Nature 349; 326 (1991); 

25 Haley, J.E., fit al- . Hfiimm 211 (1992); Zhuo, M.. 

Science 260 ; 1946 (1993); Zhuo, M. , S^ al- . NgUrPRCPgCt 5.'- 
1033 (1994)). Consistent with these cellular studies, 
inhibition of NOS activity has been shown to disrupt 
learning and memory (Chapman, P.F., ££. al-, NeurgRSPPrt I- 

30 567 (1992); Holscher, C, WgWrpgCi. IiCtt. 115' 165 (1992); 
Bohme, G.A., Sl- . Prr^e- Natl. Acad. Sci. USA 9(1; 9191 

(1993) ; Rickard, N.S., R^hav. Neurosci. 108; 640-644 

(1994) ) . 

Many of the above conclusions are based on 
35 pharmacological studies using inhibitors of nitric oxide 
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Bynthases or donors of NO. Interpretations of such studies 
usually are limited because the drugs interact with more 
than one target and they cannot be delivered to specific 
sites. A molecular genetic approach can overcome these 

5 problems, however, by disrupting a specific gene, the 
product of which may be one of the drug's targets. 
Recently, such an approach has been attempted in mice via 
generation of a knock-out mutation of the neuronal NOS 
(nNOS) (Huang, P.L., stai-. Cell 75; 1273-1286 (1993)). 
10 While nNOS mutants appeared fully viable and fertile, minor 
defects in stomach morphology and hippocampal long-term 
potentiation were detected (Huang, P.L., sSi al.. Cell 75 ; 
1273-1286 (1993); O'Dell, T.J., fitalw Science 265 : 542- 
546 (1994)). Moreover, some NOS enzymatic activity still 

15 was present in certain regions of the brain, suggesting a 
role for other NOS genes in the CNS. while yielding some 
relevant information about one specific component of NO 
function, this nNOS disruption existed throughout 
development. Consequently, functional defects of NOS 

20 disruption in adults could not be resolved adequately from 
structural defects arising during development. Genetic 
tools exist in Drosophila, in contrast, to limit 
disruptions of gene fvinctions temporally or spatially. 
To identify candidate Drosophila NOS homologs, a 

25 fragment of the rat neuronal NOS cDNA (Bredt, D.S., et al . . 
Nature 351 ; 714-718 (1991)) was hybridized at low 
stringency to a phage library of the Drosophila genome as 
described in Example 11. The rat cDNA fragment encoded the 
binding domains of FAD and NADPH (amino acids 979 - 1408 of 

30 SEQ ID NO. : 11) , which are cof actors required for NOS 

activity, and therefore were expected to be conserved in 
fruit flies. Several Drosophila genomic clones were 
identified with the rat probe and classified into eight 
contigs. Sequence analysis of three restriction fragments 

35 from these genomic clones revealed one (2.4R) with high 
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homology to manunalian NOSs. The deduced amino acid 
sequence of the ORF encoded within the 2.4R fragment 
indicated 40% identity to the rat neuronal NOS and binding 
sites for FAD and NADPH. 
5 The 2.4R DNA. fragment then was used to probe a 

DroBophila adult head cDNA library as described in Example 
11, and eight clones were isolated. Restriction analysis 
indicated that all contained identical inserts and thus, 
defined a predominant transcript expressed by this 

10 Droaophila gene. One clone (c5.3} was sequenced in both 
directions. The 4491 bp cDNA contained one long ORF of 
4350 bp. The methionine initiating this ORF was preceded 
by ACAAG which is a good match to the translation start 
consensus (A/CAAA/C) for £>rosqphila genes (Cavener, D.R., 

15 Mueleie Acids Res 15: 1353-1361 (1987)). Conceptual 

translation of this ORF yielded a protein of 1350 amino 
acids with a molecular weight of 151,842 Da. 

Comparison of the amino acid sec[uence of this deduced 
Prospphila protein (DNOS) (SEQ ID NO. : 9} to sequences of 

20 mammalian NOSs revealed that DNOS is 43% identical to 

neuronal NOS (SEQ ID NO. : 11) , 40% identical to endothelial 
NOS (SEQ ID NO.: 10) and 39% identical to macrophage NOS 
(SEQ ID NO. : 12) . It also revealed similar structural 
motifs in DNOS (Figure 16A-16C) . The C- terminal half of 

25 the DNOS protein contains regions of high homology 

corresponding to the presumptive FMN-, FAD- amd NADPH- 
binding sites. Amino acids thought to be important for 
making contacts with FAD and NADPH in mammalian NOSs 
(Bredt, D.S., fit al- » Nature 351 1 714-718 (1991); Lamas, 

30 S., fitalw Proe. Natl. Acad. Sci . USA 89: 6348-6352 (1992); 
Lyons, C.R., Stal.. J. Biol. Chem. 267; 6370 (1992); 
Lowenstein, C.J., fit al. , Proc. Natl. Acad. Sci. USA 89; 
6711 (1992); Sessa, W.C., fit AI- « J.Biol.Chem. 267: 15274 
(1992); Geller, D.A., fit fil- , PrOC. Nfltl. Agfld. Sci, VSh 

35 SSi.1 3491 (1993); Xie, Q. fit fil- » Science 256: 225-228 
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(1992)) are conserved in DNOS. The middle section of DNOS, 
between residues 215 and 746 of SEQ ID NO.: 9, showed the 
highest similarity to mammalian NOSs: it is 61% identical 
to the neuronal isoform and 53% identical to endothelial 
5 and macrophage isoforms. Sequences corresponding to the 
proposed heme- and calmodulin-binding sites in mammalian 
enzymes are well -conserved in DNOS. The region located 
between residues 643-671 of SEQ ID NO.: 9 has the 
characteristics of a calmodulin-binding domain (basic, 
10 amphiphilic a-helix) (O'Neil, K.T., TrgTKiig Pjgchsm. 

Sci. 1£: 59-64 (1990)). The amino acid sequence between 
these two sites is very well conserved among all four NOS 
proteins, suggesting the location of functionally important 
domains such as the arginine- binding site (Lamas, S., st 
15 al., P^nr. Natl. Acad. Sci. USA 89: 6348-6352 (1992)). 
tetrahydrobiopterine cofactor binding site or a 
dimerization domain. DNOS also has a PKA consensus site 
(Pearson, R.B., M^,th. Enzvmol. 200: 62-81 (1991) ) . (at 
Ser-287 of SEQ ID NO. : 9) in a position similar to neuronal 
20 and endothelial NOSs. 

The 214 amino acid N- terminal domain of DNOS shows no 
obvious homology to its equivalent portion of neuronal NOS 
or to the much shorter N-terminal domains of endothelial 
and macrophage NOSs. This region of DNOS contains an 
25 almost uninterrupted homopolymeric stretch of 24 glutamine 
residues. Such glutamine -rich domains, found in many 
DroBophila and vertebrate proteins, have been inqplicated in 
protein-protein interactions regulating the activation of 
transcription (Franks, R.G., Mecht PgY. i5- 269 (1994); 
30 Gerber, H.-P., fit al- , SsianSfi 211' 808 (1994); Regulski, 
M., stal-. EMBO J. 6; 767 (1987)). Thus, this domain of 
DNOS could be involved with protein-protein interactions 
necessary for localization and/or regulation of DNOS 
activity. 
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The above sequence comparisons suggest that a 
DroBophila structural homolog of a vertebrate NOS gene was 
Identified. The order of the putative fiinctional domains 
in the DNOS protein is identical to that of mammalian 
5 enzymes (Figure 15B) . Structural predictions based on 
several protein algorithms also indicate that general 
aspects of DNOS protein secondary structure (hydrophobicity 
plot, distribution of a-helixes and jS-strands) from the 
putative heme-binding domain to the C-terminus are similar 

10 to those of mammalian NOSs. DNOS also does not contain a 
transmembrane domain, as is the case for vertebrate NOSs. 
In addition to these general characteristics, several 
aspects of DNOS structure actually render it most like 
neuronal NOS: (i) the overall sequence similarity, (ii) the 

15 similarity of the putative calmodulin-binding site (55% 
identical to the neuronal NOS vs. 45% identical to 
endothelial NOS or vs. 27% identical to macrophage NOS) and 
(iii) the large N-terminal domain. Neuronal NOS and DNOS 
also do not contain sites for N-terminal myxistoylation, 

20 which is the case for endothelial NOS (Lamas, S., &^ si- > 
Proe. Natl. Acad. Sei. USA 89; 6348-6352 (1992)), nor do 
they have a deletion in the middle of the protein, which is 
the case for macrophage NOS (Xie, Q. ££. al.. Science 256 : 
225-228 (1992)). 

25 To establish that Applicants putative DNOS protein had 

nitric oxide synthase activity, the dNOS cDNA was expressed 
in 293 human embryonic kidney cells as described in Example 
12, which have been used routinely in studies of mammalian 
NOSs (Bredt, D.S., fit. Sl- » HatllXS ISl^ 714-718 (1991)). 

30 Protein extracts prepared from dWOS-transfected 293 cells 
as described in Example 12, contained a 150 kD polypeptide, 
which was recognized by a polyclonal antibody raised 
against the N-terminal domain of DNOS (Figure 17A, lane 293 
+ dNOS) . This imiminoreactive polypeptide was of a size 

35 elected for DNOS and was absent from cells transf acted 
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with just the pCGN vector alone (Figure 17A, lane 293 + 
vector) . 

Extracts made from dNDS-tremsfected 293 cells showed 
significant NO synthase activity, as measured by the L- 
5 arginine to L-citrulline conversion assay as described in 
ExaTt5)le 12 (0.1276 ± 0.002 pmol/mg/min; Figure 17B, group 
B) . [In a parallel experiment, the specific activity of 
rat neuronal NOS expressed from the same vector in 293 
cells was 3.0 ± 0.02 pmol/mg/min, N»4l . DNOS activity was 
10 dependent on exogenous Ca'*/calmodulin and on NADPH, two 

cofactors necessary for activity of constitutive mammalian 
NOSS (Iyengar, R., Proc. Natl. Acad. Sci. USA 84; 6369-6373 
(1987); Bredt, D.S., Proc. Natl- Acad. Sci. OSA 87; 682-685 
(1990) ) . DNOS activity was reduced 90* by the Ca'* 
15 chelator EGTA (Figure 17B, group C) . Also, 500/xM N- (6- 
aminohexyl) -1-naphthalene-sulfonamide (W5) , a calmodulin 
antagonist which inhibits activity of neuronal NOS (Bredt, 
D.S.. Profi. Natl. Acad. Sci. USA 87; 682-685 (1990)), 
diminished DNOS activity to 18% (0.0222 ± 0.001 
20 pmol/mg/min, N»2) . In the absence of exogenous NADPH, DNOS 
(or nNOS) activity was reduced 20% (0.1061 ± O.Oll 
pmol/mg/min, N-4 for DNOS; 2.7935 ± 0.033 pmol/mg/min, N=2 
for nNOS) . DNOS activity also was blocked by inhibitors of 
mammalian NOSs (Rees, D.D., Br . J . Pharmacol . . liii: 746-752 
25 (1990)). N^-nitro-L-arginine methyl ester (L-NAME) reduced 
DNOS activity 84% (Figure 17B, group D) , and 100 iiM N**' 
monomethyl-L- arginine acetate produced a couplet e block 
(0.0001 ± 0.0002 pmol/mg/min, N-2) . These enzymatic data 
demonstrate that DNOS is a Ca'Vcalmodulin-dependent nitric 
30 oxide synthase. 

Northern blot analysis indicated a 5.0 kb dNOS 
transcript which was expressed predominantly in adult fly 
heads but not bodies (Figure 18A) . More sensitive RT-PCR 
e3q>eriments as described in Example 13, however, detected 
35 dNOS message in poly (A)* RNA from fly bodies. Neuronal NOS 
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genes from mice and humans produce two alternatively 
spliced transcripts, the shorter one of which yields a 
protein containing a 105 amino acid In- frame deletion 
(residues 504-608 In mouse or rat neuronal NOS) (Ogura, T., 
5 Bioehem. Bionhvs. Res. Commxin. 193: 1014-1022 (1993)). RT- 
PCR amplification of Droepphila head mRNA produced two DNA 
fragments: the 444 bp fragment corresponded to vertebrate 
long form and the 129 bp fragment corresponded to 
vertebrate short form (Figure 18B) . Conceptual translation 
10 of the 129 bp sequence confirmed a splicing pattern 

identical to that for the nNOS gene (Figure IBC) . Presence 
of the short NOS isoform in Drosophila strengthens the 
notion that it may play an important role in NOS 
biochemistry. 

15 The discovery of a NOS homolog in DroBogdiila provides 

definitive proof that invertebrates produce NO and, as 
suggested by recent reports, most likely use it for 
intercellular signaling. These data also suggest that a 
NOS gene was present in an ancestor common to vertebrates 

20 and arthropods, Inqplylng that NOS has existed for at least 
600 million years. Thus, it is expected that NOS genes are 
prevalent throughout the smimal kingdom. 

Consistent with this view are existing hlstochemical 
data. NOS activity has been detected in several 

25 Invertebrate tissue extracts: in Lymilua polypheims 

Radomski, M.W., Philos. Trans. R. Soc. Lond. B. Biol. Sci.. 
334 ; 129-133 (1992)), in the locust brain (Elphick, M.R., 
fital-. Brain Res. 619 ; 344-346 (1993)), in the salivary 
gland of Rhodniua prolixua (Ribeiro, J.M.C., stL al- . 

30 Let. 330 ; 165-168 (1993) (34)) and in various tissues of 
L>>iiinaea atagnalia (Elofsson, R., £L al- 1 WsuroRgPOrt A.- 
279-282 (1993)) . Applications of NOS inhibitors or NO- 
generatlng substances have been shown to modulate the 
activity of buccal motoneurones in Lyranaea atagnalia 

35 (Elofsson, R., fit al- , NeuroRenort 4: 279-282 (1993)) and 
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the oscillatory dynamics of olfactory neurons in 
procerebral lobe of Liwax maximua (Gelperin, A. , Nature 
369 ; 61-63 (1994)). NADPH-diaphorase staining, a 
relatively specific indicator of NOS protein in fixed 
5 vertebrate tissue samples (Dawson, T,M. , (££ al. , Proc. 

Natl. Acad. Sei. USA 88; 7797 (1991); Hope, B.T., ai- . 
Proc. Natl. Acad. Sci. USA 88; 2811 (1991)), also has 
suggested the presence of NOS in Drosophila heads (Muller, 
U., Naturwissenschaft 80: 524-526 (1993)). The present 
10 molecular cloning of dNOS consideraOsly strengthens the 
validity of these observations. 

Sophisticated genetic analyses of NOS ftuiction are 
available in DroBophila. Classical genetics will allow the 
creation of point mutations and deletions in dNOS, 
15 resulting in full or partial loss of dNOS function. Such 
mutations will permit detailed studies of the role of NOS 
during development . 

The invention further relates to isolated DNA that are 
characterized by by their ability to encode a polypeptide 
20 of the amino acid sequence in Figure 16A-16C (SEQ ID NO.: 
9) or fvmctional equivalents thereof (i.e., a polypeptide 
which synthesizes nitric oxide) . Isolated DNA meeting this 
criteria comprise amino acids having sequences homologous 
to sequences of mammalian NOS gene products (i.e., 
25 neuronal, endothelial and macrophage NOSs) . The DNA 

sequence represented in SEQ ID NO. : 25 is an example of 
such an isolated DNA. Isolated DNA meeting these criteria 
also comprise amino acids having sequences identical to 
sequences of naturally occurring dNOS or portions thereof, 
30 or variants of the naturally occurring sequences. Such 
variants include mutants differing by the addition, 
deletion or substitution of one or more residues, modified 
nucleic acids in which one or more residues is modified 
(e.g., DNA or RNA analogs), and mutants comprising one or 
35 more modified residues. 
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Such nucleic acids can be detected and isolated under 
high stringency conditions or moderate stringency 
conditions, for example. "High stringency conditions" and 
"moderate stringency conditions" for nucleic acid 
5 hybridizations are e3q>lained on pages 2.10.1-2.10.16 (see 
particularly 2.10.8-11) and pages 6.3.1-6 in Current 
Protocols in Molecular Biology (Ausubel, P.M. £Jt al . . eds, 
Vol. 1, Suppl. 26, 1991), the teachings of which are 
incorporated herein by reference. Factors such as probe 
10 length, base con^osition, percent mismatch between the 
hybridizing sequences, temperature and ionic strength 
influence the stability of nucleic acid hybrids. Thus, 
high or moderate stringency conditions can be deterimined 
enqpirically, depending in part upon the characteristics of 
15 the known DNA to which other unknown nucleic acids are 
being compared for homology. 

Isolated DNA that are characterized by their ability 
to encode a polypeptide of the amino acid sequence in 
Figure 16A-16C, encode a protein or polypeptide having at 
20 least one function of a DroBophila NOS, such as a catalytic 
activity (e.g., synthesis of nitric oxide) and/or binding 
function (e.g., putative heme, calmodulin, FMN, FAD and 
NADPH binding) . The catalytic or binding function of a 
protein or polypeptide encoded by hybridizing nucleic acid 
25 may be detected by standard enzymatic assays for activity 
or binding (e.g., assays which monitor conversion of L- 
arginine to L-citrulline) . Functions characteristic of 
dNOS may also be assessed by in vivo conplementation 
activity or other suitable methods. Enzymatic assays, 
30 complementation tests, or other suitable methods can also 
be used in procedures for the identification and/or 
isolation of nucleic acids which encode a polypeptide 
having the amino acid sequence in Figure 16A-16C or 
functional equivalents thereof. 
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The present invention will now be illustrated by the 
following exan^les, which are not intended to be limiting 
in any way. 


5 The following materials and methods were used in the 

work described in Exan^les 1 and 2. 

Expression Cloning of dCREBl and dCREB2 

Standard protocols for expression cloning by DNA- 
binding (Ausubel, P., Cwrrgnt Pm9gQ3;g 4n yiol^gylar 

10 Biology . John Wiley and Sons, New York, 1994; Singh, H. gt 
al.. Cell . 52: 415-423 <1988)) were followed except as 
noted. A double -stranded, 3xCR£ oligonucleotide was 
synthesized and cloned between the Xbal and Kpnl sites of 
pGEM7Zf+ (Promega) . The sequence of one strand of the 

15 oligonucleotide was 5' cgtotagatct atgactqaat a 

TGACGTAATATQACGTAAT GGTACCAGATCTGGCC 3' (SEQ ID NO. : 17), 
with the CRE sites underlined. The oligonucleotide was 
excised as a Bglll/Hindlll fragment and labeled by filling- 
in the overhanging ends with Klenow fragment in the 

20 presence of [a"Pld6TP, [a"P]dCTP and unlabeled dATP and 

dTTP (Ausubel, F., Current Protocols in Molecular Biology. 
John Wiley and Sons, New York, 1994)). Just prior to use, 
the labeled fragment was pre-absorbed to blank 
nitrocellulose filters to reduce background binding. All 

25 other steps were as described (Ausubel, F., Current 

Protocols in Molecular Biology . John Wiley and Sons, New 
York, 1994)). After secondary and tertiary lifts, positive 
clones were subcloned into pKS+ (Stratagene) and sequences. 


30 Gel-mobility shift assays were performed as in 

Ausubel, F., Current Protocols in Molecular Bioloqv. John 
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Hlley and Sons, New York, 1994, with the following 
modifications. The 4% polyacrylamide gel (crosslinking 
ratio 80:1) was cast and run using 5x Tris-glycine buffer 
(Ausvibel , F . , Current Protocols in Molecular Biology . John 
5 Wiley and Sons, New York, 1994)) supplemented with 3inM 
MgCla- The oligonucleotides used as the DNA probes were 
boiled amd slowly cooled to room temperature at a 
concentration of 50 itg/wl in O.IM NaCl. 50 ng of dotible- 
stranded probe was end- labeled using polynucleotide kinase 

10 in the presence of 100 ^Ci of tY"PlATP. The double- 
stranded oligonucleotides were purified on a native 
polyacrylamide gel and used in a mobility shift assay at 
about 0.5 ng/ reaction. 

For dCREB2, the original dCRBB2-b cDNA was subcloned 

15 and subjected to site-directed mutagenesis to introduce 

restriction sites immediately 5' and 3' of the open reading 
frame. This open reading frame was subcloned into the 
pETllA expression vector (Novagen) and used to induce 
expression of the protein in bacteria. The cells 

20 containing this vector were grown at BO'C to an approximate 
density of 2xlO'/ml and heat-induced at 37«>C for 2 hours. 
The cells were collected by centrifugation and lysed 
according to Buret owski, S. £t al- , Proc . Natl . Acad . Sci . . 
USA . Ifi: 7509-7513 (1991) . The crude extract was clarified 

25 by centrifugation and loaded onto a DET^ column previously 
equilibrated with 50 mM TrisHCl, pH 8.0, 10% sucrose, 100 
mM KCl. Step elutions with increasing amounts of KCl in 
the same buffer were used to elute the dCREB2-b protein, 
which was assayed using the gel mobility- shift assay. The 

30 peak fraction was dialyzed against the loading buffer and 
used in the binding eaqperiment. The specific con^titor 
that was used was the wild-type CRE oligonucleotide. The 
sequence of one strand of the dovible-stranded 
oligonucleotides used in the gel shift analysis are listed. 
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For the first two oligonucleotides, wild- type and mutant 
CREs are tinderlined. 

Wild-type 3xCRE (SEQ ID NO. : 18) : 
5 ' AA AfGACGTAA CGGAAA TGACGTAA CGQAA ATGACGTAAC G 3 ' ; 
5 Mutant 3xmCRE (SEQ ID NO. : 19) : 

5 ' AAA TGAATTAA CGK3AA ATGAATTA ACGGAA ATGAATTAA CGG 3 ' ; 

Nonspecific competitor #1 (SEQ ID NO. : 20): 
5' TGCACGGGTTTTOSACGTTCACTGGTAGTGTCKsATGAGG 
CGCGATGCCCATAACCACCACGCTCAG 3 ' ; 
10 Nonspecific con^etitor #2 (SEQ ID NO.: 21): 

5 ' TCGACCOVaVGTTTCGGGTTTTCGAGOAGTCrGCTAGTGTCn^TGAGGCCG 
AAAGGCCGAAACGCGAAGCCGTATTGCACCACGCTCATCGAGAAGGC 3 ' ; 

Nonspecific competitor #3 (SEQ ID NO. : 22) : 
5 ' CTAGAGCrTGCAAGCATGCTTGCAAGCAAGCATGCTTGOVAGCATGCTTG 
15 CAAGC 3 ' ; 

Nonspecific competitor #4 (SEQ ID NO.: 23): 
5' CTCTAQAQCGTACGCAAGC6TACGCAA6CGTACG 3* 

For dCREBl, heat -induced bacterial extracts (Ausubel , 

F., rtirriinb Pro rnnols in Mn1*^«tilar Bioloov. John Wiley and 
20 Sons, New York, 1994) were made from the original phage 
clone integrated by lysogeny. Extract from a bacteria 
lysogenized with another plaque (which did not bind to CRE 
sites) from the screen was used as a negative control. 
Competition experiments were done using a 4-100 fold molar 
25 excess (relative to the probe) of unlabeled, wild-type CRE 
oligonucleotides or unlabeled, mutant CRE oligonucleotides. 


Worr.hern Blftts 

Total head and body RNA was isolated from flies 
according to the protocol of Drain. P. at al- r liSlUISZH^ 
30 S.:71-82 (1991). ■ Total RNA from all other developmental 
stages was a gift from Eric Schaeffer. All RNA samples 
were selected twice on oligo-dT columns (5 Prime-3 Prime) 
to isolate poly A+ RNA. Two iig of poly A+ RNA was 
fractionated on 1.2% formaldehyde -formamide agarose gels, 
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transferred to nitrocellulose and probed using an uniformly 
labeled, strand- specif ic, antisense RNA (aRNA) probe. The 
template for the synthesis of aRMA was one of the partial 
cDNA clones isolated from the library screen (pJY199) . 
5 This cDNA contained the carboxyl- terminal 86 amino acids of 
the dCREB2-b protein and about 585 bp of 3' untramslated 
mRNA. All Northern blots were washed at high stringency 
(0.1% SDS, O.lxSSC, 650C) . 

In situ Hybridization To Tissue Sections 

10 Frozen frontal sections were cut and processed under 

RNAse-free conditions, essentially as described in Nighom, 
A. sHal-, Neuron . i:455-467 (1991), with modifications for 
riboprobes as noted here. Digoxigenin- labeled riboprobes 
were made from pJY199 using the Genius kit (Boehringer- 

15 Mannheim) . One fig of Xba- linearized template and T3 RNA 
polymerase was used to make the amtisense probe, while one 
/ig of EcoRI- linearized template together with T7 RNA 
polymerase was used for the control sense probe. Alkaline 
hydrolysis (30 minutes at 60'C) was used to reduce the 

20 average probe size to about 200 bases. The hydro ly zed 

probe was diluted 1:250 in hybridization solution (Nighom, 
A. fital.. Neuron . £:455-467 (1991)), boiled, quickly 
cooled on ice, added to the slides and hybridized at 42<*C 
overnight. The slides were then treated with RNAse A (20 

25 ng/ml RNAse A in 0.5 M NaCl/10 mM Tris pH8 for 1 hour at 
37°C) prior to two SO'C washes. Digoxigenin detection was 
as described. 

v^^m-r^P> Tranaerl Pt^ion Coup3«>d With the Polymerase Chain 
p^ar^trimi (RT-P C P^ Analvsia of dCREB2 and Identification of 
30 Altamativ ftiv Spliced Exons 

The ten5)late for reverse transcription coupled with 
the polymerase chain reaction (RT-PCR) was total RNA or 
poly A+ RNA isolated from Drosophila heads as in Drain, P. 
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££. si' > Meuron . £: 71-82 (1991) . Total RNA used was 
exhaustively digested with RNase-free DNase I (50 /ig of RNA 
digested with 50 units of DNase I for 60-90' at 37°C 
followed by phenol, phenol /chloroform extraction, and 
5 ethanol precipitation) prior to use. Results from separate 
experiments indicate that this DNase -treatment effectively 
eliminates the possibility of PGR products derived from any 
contaminating genomic DNA. Two rounds of selection using 
commercial oligo-dT columns (5 Prime -3 Prime) were used to 
10 isolate poly A+ RNA from total RNA. The template for an 
individual reaction was either 100-200 ng of total RNA, or 
10-20 ng of poly A+ RNA. 

The RT-PCR reactions were performed following the 
specifications of the supplier (Perkin- Elmer) with a "Hot 
15 Start" modification (Perkin-Elmer RT-PCR kit instructions) . 
All components of the RT reaction, except the rTth enzyme, 
were assembled at 75*C, and the reaction was initiated by 
adding the enzyme and lowering the temperature to 70»C. At 
the end of 15 minutes, the preheated (to 75°C) PGR 
20 components (including trace amounts of [a"P]dCTP) were 
added quickly, the reaction tubes were put into a pre- 
heated thermocycler, and the PCR amplification begun. 
Cycling parameters for reactions (100 til total volume) in a 
Perkin-Elmer 480 thermocycler were 94''C for 60 seconds, 
25 followed by 70<»C for 90 seconds. For reactions (50^1) in 
an MJ Minicycler the parameters were 94 "C for 45 seconds 
and 70*C for 90 seconds. 

All primers used in these procedures were designed to 
have 26 nucleotides complementary to their target sequence. 
30 Some primers had additional nucleotides for restriction 

sites at their 5' ends to facilitate subsequent cloning of 
the products. Primers were designed to have about 50% GC 
content, with a G or C nucleotide at their 3' most end and 
with no G/C runs longer than 3. For RT-PCR reactions with 
35 a given pair of primers, the Mg*^ concentration was 
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optimized by running a series of pilot reactions, at Mg*' 
concentrations rzuiging from 0.6 mM to 3.0 mM. Reaction 
products were analyzed on denaturing urea-polyacrylamide 
gels by autoradiography. Any product that appeared larger 
5 than the bauid predicted from the cDNA sequence was purified 
from a preparative native gel, re-air5)lif ied using the same 
primers, gel-purified, subcloned and sequenced. 

To verify that a given RT-PCR product was truly 
derived from RNA, control reactions %«ere run to show that 
10 the appearauice of the product was eliminated by RMase A 
treatment of the template RNA. Also, products generated 
from reactions using total RNA as the template were re- 
isolated from reactions using twice -selected polyA+RNA as 
template . 

15 Plasmida 

Expression constructs for transient trauosf ection 
experiments in Drosophxla were made in the expression 
vector pActSCPPA (Han, K. et al.. Cell, 56: 573-583 (1989)) 
or in pAcQ. pAcQ is a close derivative of pActSCPPA in 

20 which the Xbal site at the 5' end of the 2.5 kb actin 

promoter fragment was destroyed and additional sites were 
inserted in the polylinker. pAc-dCRBBl was made by 
sxibcloning a KpnI-SacI fragment containing the complete 
dCREBl open reading frame (from a cDNA subcloned into pKS+) 

25 into pActSCPPA. pAc-PKA was constructed by subcloning an 
EcoRV fragment encoding the DroBOphilai PKA catalytic 
subunit (Foster, J.L. et al., J. Biol. Chem. , 263: 1676- 
1681 (1988)) from a modified pHSREMl construct (Drain, P. 
et al.. Neuron, 6: 71-82 (1991)) into pAct5CPPA. To make 
30 the 3xCRE-lacZ reporter construct for Droaophila cell 
culture, the double-stranded, wild- type 3xCRE 
oligonucleotide used in the gel shift analysis was cloned 
into the KpnI-Xbal backbone of HZ50PL (Hiromi. Y. and W.J. 
Gehring, Cell, SO: 963-974 (1987)), a reporter construct 
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made for enhancer testing which has cloning sites in front 
of a minimal hapJO promoter- lacZ fusion gene. 

RSV-dCK£B2-a was constructed in a long series of 
cloning steps. Essentially, the activator -encoding open 
5 reading frame was first reconstructed on the plasmid pKS-t- 
by sequentially adding each of the three exons (exons 2, 4 
and 6) into the original cDNA of dCREB2-b, which had been 
subcloned from phage DNA into pKS-f. Site-directed 
mutagenesis was used to introduce unique restriction enzyme 
10 sites both 5' and 3' of the dCREB2-to open reading frame, 
auid these sites facilitated the subcloning process and 
allowed removal of 5' emd 3' untrauislated sequences. Once 
the activator was assembled, the resulting open reading 
frame was sequenced to confirm the cloning steps and moved 
15 into a modified RSV vector which contained a polylinker 
located between the RSV promoter and the SV40 
polyadenylation sequences (RSV-O) . KSV-dCREB2-h was made 
by moving the original dCREB2-b cDNA (which had been 
subcloned into pKS-t-) into RSV-O. 
20 Other constructs used in experiments were: pCaE (pMtC) 

(Mellon, P.L. et al., Proc. Matl. Acad. Sci. USA, 86: 4887- 
4891 (1989)), which contains the cDNA for mouse PKA 
catalytic subunit cloned under the mouse metallothionein 1 
promoter; RSV-Sgal (Edlxind, T. et al.. Science, 230: 912- 
25 916 (1985) ) , which expresses the lacZ gene under control of 
the Rous sarcoma long terminal repeat promoter (Gorman, 
CM. et al., Proc. Natl. Acad. Sci. USA, 79: 6777-6781 
(1982)). RSV-CREB (Gonzalez, G.A. etal., Mature, 337: 
749-752 (1989) ) is a CREB cDNA fragment containing the 341- 
30 amino acid open reading frame under the RSV LTR-promoter in 
RSV- SO, and the D(-71) CAT reporter (Montminy, M.R. et al., 
Proc. Natl. Acad. Sci. USA, 83: 6682-6686 (1986)) which is 
a fusion of a CRE- containing fragment of the rat 
somatostatin promoter and the bacterial CAT coding region. 
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PQ Pan gulture and Transf action 

lAidlf ferentiated F9 cells were maintained and 
transfected using the calcium phosphate method as described 
in Darrow, A.L. et aJ., "Maintenemce and Use of F9 Terato- 
5 carcinoma Cells" In Meth. Enzymol., v. 190 (1990), except 
that chloroquine was added to 100 mM immediately before 
transfection auid precipitates were washed off ten hours 
after transfection, at which time the dishes received fresh 
chloroquine -free medium. Amovints of DNA in transfections 
10 were made equivalent by adding RSV-0 where required. Cells 
were harvested 30 hours after transfection. Extracts were 
made by three cycles of freeze/thawing, with brief 
vortexing bet%»een cycles. Particulate matter was cleared 
from extracts by ten minutes of centrifugation in the cold. 
15 S-galactosidase assays were performed as described in 
Miller, J.H. , Experiments in Molecular Genetics, Cold 
Spring Harbor Laboratory, Cold Spring Harbor, NY, 1972. 
CAT assays were performed as described in Sheen, J.Y. and 
B. Seed, Gtme, 67: 271-277 (1988) using aliquots of extract 
20 heat-treated at 65oc for ten minutes and centrifuged for 
ten minutes to remove debris. Results reported are from 
three esqperiments run on different days with at least three 
dishes per condition within each experiment. Error bars 
represent stemdard error of the mean, with error 
25 propagation taken into account (Grossman, M. and H.W. 
Norton, Hered., 71: 295-297 (1980)). 

n^o«onhj7a Cell Culture and Transient Transfection 

Schneider L2 cells in Schneider's medium (Sigma) 
supplemented with 10% fetal bovine serum (PBS) or Kcl67 
30 cells in D-22 medium (Sigma) supplemented with 10% FBS, 
were transfected by the calcium phosphate method 
essentially as described in Krasnow, M.A. et al.. Cell, 57: 
1031-1043 (1989), with the following differences. Kcl67 
cells were plated at 2x10* cells/ml and chloroquine was 
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added to a final concentration of 100 mM immediately prior 
to transfection. A total of 10 ng of plaamid DNA per diah 
was used for L2 transfections and 25 iig per dish for Kcl67 
transfections. DNA masses in transfections were made 

5 equivalent with pGEM7Zf+ where required. Precipitates were 
left \indisturbed on L2 cells until harvest, but for Kcl67 
cells the original medium was replaced with fresh, 
chloroquine-free medium after twelve hours. Cells were 
harvested thirty- six to forty-eight hours after 
10 transfection. Extracts were made and enzymatic assays 
performed as described above for F9 cells. Results 
reported for transfections are averages of at least three 
experiments run on different days, with at least duplicate 
dishes for each condition within experiments. Error bars 

15 represent standard error of the mean, with error 

propagation taken into account (Grossman, M. and H.W. 
Norton, J. Hexed.. 71: 295-297 (1980)). 

fi-,Tfllar.t-nBidase ftoal^ and Chloramphenicol Acetvl 

20 B-galactosidase assays were run and activity 

calculated as described in Miller, J.H., Experiments in 
Molecular Genetics. Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY, 1972. CAT assays were performed 
essentially according to Sheen. J.Y. and B. Seed. Gene, 67: 
25 271-277 (1988)) using supematants from heat-treated 
aliquots of extracts (65»C for 10 minutes and then 
centrifuged for 10 minutes) . Relative activity was 
calculated according to Sheen, J.Y. and B. Seed, Gene, 67: 
271-277 (1988) ) . 

30 p y j /v-Reaoon gl'ir'a Transcriptional ACtiv^tigH bV tjC«gg^-a 

F9 cells were transiently transfected with 10 tig of 
D(-71> CAT plasmid as a CRE-directed reporter. 5 ng of 
RSV-figal reporter was included in each dish as a 
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nomallzation control for transfectlon efficiency. 
Different groups received 8 /ig of dCREB2-a expression 
vector and 4 ftg of PKA esqpression vector, separately or in 
combination. Results are expressed as CAT//9gal enzyme 
5 activity ratios, standardized to values obtained with PKA- 
transf acted dishes. 

Tranaeriptional Effect of dCREB2-b and a Mutant Variant On 
PTCA-Rftsponsive Activation bv dCREB2-a 

P9 cells were transiently cotransfected with 10 ftg of 
10 D(-71) CAT along with the indicated combinations of the 
following expression constructs: RSV-dCR£B2-a (5 fig): pMtC 
(2 ng) ; KSV-dCREB2-b (5 ng) ; and RSV-mLZ-dCREB2-b, which 
expresses a leucine- zipper mutant of dCRBB2'b {5ng) . The 
DNA mass for each dish was made up to 27 ng with RSV-0. 
15 Other experimental conditions are as described above under 
"PKA-Responsive Transcriptional Activation by d(3REB2-a". 

fT-flnRrriptional Aetivation of a CRE Reporter Gene bv dCRESl 
■in nrnsnnhila Schneider L2 cell culture 

The cells were transiently transfected with a dCREBl 
20 expression construct (1 ^ig) , with or without a construct 
which expresses Droaophila PKA. 3xCRE-figal reporter (1 fig) 
and the normalization Ac-CAT reporter (1 ng) were included 
in each dish. Expression vectors not present in particular 
dishes were replaced by pACQ. 

25 Example 1 TBolation and Characterization of dCREB2 

Two different genes were isolated in a DNA-binding 
expression screen of a Droaophila head cDNA library using a 
probe containing three CRE sites (3xCRE) . Many clones were 
obtained for the dCRBB2 gene, while only one clone was 

30 obtained for dCREBl. The dCRBB2 clones had two 

alternatively- spliced open reading frames, dCRBB2-b and 
dCREB2-c (see Figure 2) . These differed only in the 
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presence or absence of exon 4 and in their 5' and 3' 
vintranslated regions. The inferred translation product of 
dCREB2-b showed very high sequence similarity to the amino 
acid sequences of the basic region/leucine zipper (bZIP) 
5 domains of mammalian CREB (SEQ ID NO. : 4) , CREM (SEQ ID 
NO.: 5) and ATF-1 (SEQ ID NO.: 6) (see Figure IB). 

Chromosomal in situ hybridization using a dCREB2 probe 
localized the gene to a diffuse band at 17A2 on the X 
chromosome, a region which contains several lethal 
10 complementation groups (Eberl, D.F. et al.. Genetics, 30: 
569-583 (1992)). 

To determine the DNA binding properties of dCREB2-b, 
the DNA binding activity of dCREB2-b was assayed using a 
gel mobility-shift assay. Bacterial extracts expressing 
15 the dCREB2-b protein retarded the migration of a 

triplicated CRE probe OxCRE) . The protein had lower, but 
detectable, affinity for a mutated 3xCRE oligonucleotide. 
Competition experiments using unlabeled competitor 
oligonucleotides showed that the binding of dCREB2-b to 
20 3xCRE was specific with higher affinity for CRE sites than 
to nonspecific DNA. Together with the conserved amino acid 
sequence, this functional similarity suggested that dCREB2 
was a CREB family member. 

The expression pattern of dCREB2 was determined by 
25 Northern blot analysis of poly A+RNA from various 

developmental stages. A complex pattern with at least 12 
different transcript sizes was found. Two bands of 
approximately 0.8 and 3.5 kb were common to all of the 
stages. The adult head contained transcripts of at least 
30 six sizes (0.8, 1.2, 1.6, 1.9, 2.3 and 3.5 kb) . In situ 
hybridization to RNA in Drosophila head tissue sections 
showed staining in all cells. In the brain, cell bodies 
but not neuropil were stained. 

dCREB2 has alternatively-spliced forms. Initial 
35 transfection experiments showed that the dCREB2-c isoform 
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was not a PKA- responsive transcriptional activator. This 
information, together with the complex developmental 
expression pattern and the known use of alternative 
splicing of the CREM gene to generate PKA- responsive 

5 activators (Foulkes, N. and P. Sassone-Corsi, Cell, 68: 
411-414 (1992); Foulkes, N.S. etal.. Nature, 355: 80-84 
(1992)) suggested that additional domains might be required 
to code for an activator. 

Reverse transcription coupled with the polymerase 

10 chain reaction (RT-PCR) was used to identify new exons. 
Comparison of the genomic DNA sequence with that of cDNAs 
indicated the general exon/intron organization and assisted 
in the search for additional exons. Sense and antisense 
primers spaced across the dCREB2-b cDNA were synthesized 

15 and used pairwise in RT-PCR reactions primed with 

DroBophilsk head RNA. Reactions with primers in exons 5 and 
7 (see Figure 2) generated two products, one with the 
predicted size (compared with the cDNA clones) and one that 
was larger. The larger fragment was cloned and its 

20 sequence suggested the presence of exon 6 (see Figure lA; 
SEQ ID NO. : 1) . A primer within exon 6 was synthesized, 
end- labeled and used to screen a Droeophila head cDNA 
library. Two clones were isolated, sequenced and found to 
be identical. This splicing isoform, dCREB2-d, confirmed 

25 the splice jvmctions and exon sequence inferred from the 
RT-PCR products. 

Initial attempts to isolate exon 2 proved difficult. 
The genomic sequence that separated exons 1 and 3 (see 
Figure 2) was examined and one relatively extensive open 

30 reading frame (ORF) was identified. Three antisense 
primers, only one of which lay inside this ORF, were 
synthesized based on the intron sequence. Three sets of 
RT-PCR reactions were run in parallel, each using one of 
the three antisense primers and a sense primer in exon 1. 

35 Only the reaction that used the antisense primer in the ORF 
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produced a PGR product. The sequence of this product 
matched a continuous stretch of nucleotides from the 
genomic sequence, extending 3' from exon 1 past the splice 
junction in the dCREB2-b cDNA to the location of the 
5 antisense primer in the ORF. This fragment suggested that 
exon 1 might be extended in some mRNAs by use of an 
alternative 5' splice site located 3' to the site used to 
make dCREB2'b. Based on the newly- identified exon 
sequences, a sense primer was made. This primer was used 
10 with an antisense primer in exon 3 to generate a new 

product whose sequence established the location of the new 
5' splice site. The sequence added to exon 1 by 
alternative 5' splice site selection is denoted exon 2. 
The exon 2 sequence also showed that the same 3' splice 
15 site was used both for the original cDNA and for exon 2. 
To independently verify this alternative splicing pattern, 
RT-PCR was carried out with a primer that spanned the 3' 
splice junction of exon 2 and a primer in exon 1. The 
sequence of the product corroborated the splice junctions 
20 of exon 2 shown in Figure lA (SEQ ID NO. : 1) . 

To determine if exons 2 and 6 could be spliced into 
the same molecule, an RT-PCR reaction was carried out with 
primers in exons 2 and 6 . The reaction produced a product 
of the size predicted by coordinate splicing of these two 
25 exons and the identity of this product was confirmed by 
extensive restriction analysis. 

dCREB2 is a DroBophila CREB/ATP gene. Figure lA shows 
the DNA sequence (SEQ ID NO.: 1) and inferred amino acid 
sequence (SEQ ID NO. : 2) of dCREB2-a, the longest ORF that 
30 can result from the identified alternative splicing events. 
The indicated translation start site for this ORF is 
probably authentic because: i) stop codons occur upstream 
from this ATG in all reading frames in our dCREB2 cDNAs 
(sequences not shown) ii) this ATG was selected by computer 
35 (Sheen, J.Y. and B. Seed, Gene, 67: 271-277 (1988)) as the 


wo 96/11270 


PCT/US9S/13198 


-57- 

best rlboBome binding site in the ONA sequence that 
contains the ORF; and iii) use of the next ATG in the open 
reading frame 480 nucleotides dovmstream would not produce 
an inferred product that is a PKA-dependent activator (see 
5 below) . This information does not exclude the possibility 
that internal translation initiation sites may be used in 
this transcript, as happens in the CREM gene's S-CREM 
isoform (Delmas, V. et al., Proc. Natl. Acad. Sci. USA, 89i 
4226-4230 (1992)). 
10 The dCREB2-a open reading frame predicts a protein of 

361 amino acids with a carboxyl -terminal bZIP domain (SEQ 
ID NO. : 3) highly homologous to those of mammalian CREB 
(SEQ ID NO.: 4) and CREM (SEQ ID NO.: 5) (see Figure IB) . 
The inferred dCRjEB2-a product has a small region of amino 
15 acids containing consensus phosphorylation sites for PKA, 
calcium/calmodul in-dependent Icinase II (CaM Icinase II) and 
protein kinase C (PKC) at a position similar to that of the 
P-box in CREB, CREM amd ATF-1. The amino-terminal third of 
the predicted dCREB2-a is rich in glutamines (including 
20 rvms of four and five residues) . Glutamine-rich activation 
domains occur in CREB, CREM, and other eukaryotic 
transcription factors, including some from Drosophila 
(Courey, A.J. and R. Tijan, "Mechanisms of Transcriptional 
Control as Revealed by Studies of the Human Transcription 
25 Factor Spl" In Transcriptional Regulation, vol. 2, 

McKnight, S.L. and K.R. Yamamoto (eds.). Cold Spring Harbor 
Press, Cold Spring Harbor, NY, 1992; Mitchell, P.J. and R. 
Tijan, Science, 245: 371-378 (1989)). 

A con5>uterized amino acid sequence homology search 
30 with the predicted dCREB2-a protein sequence (SEQ ID 

NO. : 2) identifies CREB, CREM and ATF-1 gene products as 
the closest matches to dCREB2-a. The homology is 
particularly striking in the carboxyl -terminal bZIP domain 
where 49 of 54 amino acids are identical with their 
35 counterparts in mammalian CREB (Figure IB) . The homology 
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is less striking, albeit substantial, in the activation 
domain. Lower conservation in this domain is also 
characteristic of the mammalian CREB and CREM genes 
(Masquilier, D. et al.. Cell Grow1:± Differ., 4: 931-937 
5 (1993)). 

Figure 2 shows the exon organization of all of the 
dCREB2 alternative splice forms that we have detected, both 
as cDNAs and by RT-PCR. Splice products of dCREB2 fall 
into two broad categories. One class of transcripts 
10 (dCREB2-a, -b, -c, -d) employs alternative splicing of 

exons 2, 4 and 6 to produce isofomns whose protein products 
all have the bZlP domains attached to different versions of 
the activation domain. The second class of transcripts 
(dCREB2-g, -r, -b) all have splice sites which result in 
15 in-frame stop codons at various positions upstream of the 
bZIP domain. These all predict truncated activation 
domains without dimeriation or DNA binding activity. 

Two different dCREB2 isoforms, dCR£B2-a and dCREB2-b, 
have opposite roles in PKA- responsive transcription. The 
20 capacity of isoforms of the dCREB2 gene to mediate PKA- 
responsive transcription was tested in F9 cells. These 
cells have been used extensively to study C31EB- dependent 
activation because their endogenous cAMP- responsive 
transcription system is inactive (Gonzalez, G.A. et al . , 
25 Nature, 337: 749-752 (1989); Masson, N. et al . , Mol. Cell 
Biol., 12: 1096-1106 (1992); Masson, N. et al . , Nucleic 
Acids Res., 21: 1163-1169 (1993)). Candidate cAMP- 
responsive transcription factors, synthesized from 
expression vectors, were transiently transfected with and 
30 without a construct expressing the PKA catalytic subunit. 
CREB -dependent changes in gene expression were measured 
using a cotransfected construct that has a CRE-containing 
promoter fused to a reporter gene. 

The product of the dCREB2-a isoform is a PKA-dependent 
35 activator of transcription (Figure 3) . Transfection of PKA 
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or dCRBB2-B alone gave only modest activation above 
baseline values. Cotransfection of dC3eEB2-a and PKA 
together, however, gave levels of activation 5. 4 -fold 
greater than the activation seen with PKA alone. 
5 dCREB2-b did not act as a PKA-dependent 

transact ivator. When transfected together with the 
reporter and PKA, it failed to stimulate reporter activity. 
Instead, it functioned as a direct antagonist of PKA- 
dependent activation by dCREB2-a (Figure 4) . Cotranfection 

10 of equimolar amounts of the dCREB2-a and dCREB2-b 

expression constructs, along with PKA and the reporter, 
resulted in a nearly complete block of PKA-dependent 
activation from the CRE-containing reporter. 

The strong homology between the leucine zippers of 

15 dCREB2 (SEQ ID NO.: 3), CREB (SEQ ID NO.: 4) and CREM (SEQ 
ID NO.: 5) (see Figure IB) suggested that mutations which 
a]x)lish CREB dimerization (Dwarki, V.J. et al., EMBO J., 9: 
225-232 (1990)) should also affect dCREB2 dimerization. 
The mutant Drosophila molecule mLZ-dCRfiB2-b was made by 

20 introducing two single-base changes that convert the middle 
two leucines of the leucine zipper to valines. An 
identical mutation in CREB abolishes homodimerization in 
vitro (Dwarki, V.J. et al., HffiO J. , 9: 225-232 (1990)). 
Cotransfected mLZ-dCREB2-b failed to block PKA-dependent 

25 activation by dCREB2-a (Figure 4) . 

ExamPlS 2 Isolation and gfaai-ar^terizah-inri of dcPRl^i 

A single cDNA representing the dCREBl gene was 
isolated in the same screen of a Drospphila lambda gtii 
eaqpression library that yielded the dCREB2 cDNAs. The 
30 sequence of the dCREBl cDNA contained a complete open 

reading frame specifying a 266 amino acid protein with a 
carboxyl- terminal leucine zipper four repeats long and an 
adjacent basic region (Figure 5; SEQ ID NO. : 7) . The 
amino-terminal half of the inferred protein contains an 
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acid-rich activation domain, with glutaraate, asparate and 
proline residues spaced throughout. dCREBl has consensus 
phosphorylation sites for CaM kinase II and PKC throughout 
its length, but has no predicted phosphoacceptor site for 
5 PKA. 

Gel shift analysis showed higher-affinity binding of 
the dCREBl protein to 3xCRE than to 3xmCRE. 
Transcriptional activation by dCREBl was assayed with 
transient cotransfection ea^eriments using the Drosophila 

10 L2 and Kcl67 cell culture lines. In L2 cells, dCREBl 

activates transcription from CREs, but this effect is not 
enhanced by cotransfection of PKA (Figure 6) . In Kcl67 
cells, dCREBl fails to activate reporter expression either 
alone or with cotransfected PKA expression constructs. 

15 Genomic Southern blot analysis indicates that dCREBl 

is a single copy gene, and chromosomal in situ 
hybridization shows that it is located at 54A on the right 
arm of chromosome 2. 

These results show that dCREBl is a non-PKA responsive 

20 CRBB family member from DroBophila. 

The following materials and methods were used in the 
work described in Examples 3 and 4. 

Isolating Transgenic Flieg 

EcoRI restriction sites were added (using PCR) just 5' 

25 to the putative translation initiation site and just 3' to 
the translation termination site in the dCRBB2-b cDNA. 
This fragment was sequenced and subcloned into CaSpeR hs43, 
a mini-white transformation vector which contains the hsp70 
promoter, in the orientation so that the dCREB2-b open 

30 reading frame is regulated by the hepTO promoter. 

Germ- line transformation was accomplished using standard 
techniques (Spradling, A.C. and G.M. Rubin, Science, 218: 
341-347 (1982) ; Rubin, G.M, and A. Spradling, Science, 218: 
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348-353 (1982)). Two transgenic lines, 17-2 and Hll-I, 
each with one independent P- element insertion were 
generated and characterized. They appeared normal in 
general appearance, fertility and viability. These 
transgenic lines were outcrossed for at least five 
generations to w(CS-lO) (Dura, J-M., et al., j. Neurogenet. 
9: 1-14 (1993)), which itself had been outcrossed for ten 
generations to a wild-type (Can-S) stock. This extensive 
series of outcrossing is necessary to equilibrate the 
genetic background to that of Canton-S. Flies homozygous 
for the 17-2 transgene were bred and used for all 
experiments . 

The mutant blocker has been described previously (see 
Example 1) . The mutations were substituted into an 
15 otherwise wild-type blocker construct and germ-line 
transformants were made by injecting into wdsoCJl) 
embryoes. Plies homozygous for the A2-2 transgene 
insertion were bred and used for all experiments. 
w(iBoCJl) is a subline of w(CSlO) (see above) carrying 
20 isogenic X, 2"" and 3"» chromosomes and was constructed by 
Dr. C. Jones in our laboratory. Originally 40 such 
sublines were w(CSlO) using standard chromosome balancer 
stocks. Olfactory acuity, shock reactivity, learning and 
three-hr memory after one-cycle training then were assayed 
25 in each isogenic subline. As expected, a range of scores 
among the sublines was obtained. wdeoCJl) yielded scores 
that were roost like those of w(CSlO) on each of these 
assays. By injecting DNA into the relatively homogeneous 
genetic background of w(iaoCJl), outcrossing of the 
resulting germ- line transformants to equilibrate 
heterogeneous) genetic backgrounds was not necessary. 

gyclghgximide Feeding and Heat-shoek R^«im^n 

For experiments on memory retention after one-cycle 
training and on retrograde amnesia, flies were fed 35 mM 


30 
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cycloheximide (+CMX; Sigma) in 4% sucrose (w/v) or 4% 
sucrose alone i-CSOi) at 25«C. Groups of 100 flies were 
placed in feeding tubes (Falcon 2017) containing two 1.0 x 
2.5 cm Whatmann 3MM filter paper strips that were soaked 
5 with a total of 250 (il of solution. 

For experiments on one day retention after massed or 
spaced training, flies were fed 35 roM CXM and (w/v) 5% 
glucose dissolved in 3% ethanol. Groups of 100 flies were 
placed in feeding tubes (Falcon 2017) containing one 1.0 x 
10 2.5 cm Whatmann 3MM filter paper strips that was soaked 
with a total of 126 fil of solution. 

For experiments on learning after one-cycle training, 
olfactory acuity, and shock reactivity, flies were fed a 5% 
glucose, 3% ethanol solution alone or 35 mM CXM in the 
15 glucose/ethanol solution. 

The feeding period was limited to 12-14 hrs prior to 
training, or to the 24 -hr retention interval after 
training. Flies which were fed prior to training were 
transferred directly to the training apparatus after 
20 feeding, subjected to massed or spaced training, then 
transferred to test tubes containing filter paper strips 
soaked with 5% glucose during the 24 -hr interval. Flies 
which were fed after training were trained, then 
transferred immediately to test tubes containing filter 
25 paper strips soaked with 5% glucose solution which was 

laced with 35 mM CXM. Flies remained in the test tubes for 
the duration of the 24 -hr retention interval. 

For heat -shock induction, flies were collected within 
two days of eclosion, placed in glass bottles in groups of 
30 about 600, and incubated overnight at 25° C and 70% 
relative humidity. The next day, three hours before 
training, groups of approximately 100 flies were 
transferred to foam- stoppered glass shell vials containing 
a strip of filter paper to absorb excess moisture. The 
35 vials then were submerged in a 37»C water bath until the 
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bottom of the foam stopper (inside the vial) was below the 
surface of the water, thereby insuring that the flies could 
not escape heat -shock. The vial remained submerged for 30 
min, after which the flies were transferred to a standard 
5 food vial for a 3-hr recovery period at 25« C and 70% 
relative humidity. Training began immediately after the 
recovery period. 


PavlgYlan Learn ina and M«>m»^ Tga^iny 

Flies were trained with an automated version of the 
learning procedure of Tully, t. and W.G. Quinn, J. Comp. 
Physiol., 157: 263-277 (1985). In brief , flies were 
trapped in a training chamber, the inside of which was 
covered with an electrif iable copper grid. Groups of about 
100 flies were exposed sequentially to two odors [either 
octanol (OCT) or methylcyclohexanol (MCH) ] , which were 
carried through the training chamber in a current of air, 
for 60 seconds with 45 seconds rest intervale after each' 
odor presenation. During exposure to the first odor, flies 
also were subjected to twelve 1.5 -second pulses of 60 V DC 
with a 5 -second interpulse interval. After training, flies 
were transferred to food vials for a particular retention 
interval. Conditioned odor -avoidance responses then were 
tested by transferring flies to the choice point of a 
T-maze, where they were exposed simultaneously to OCT and 
MCH carried in the distal ends of the T-maze arms and out 
the choice point on converging currents of air. Flies were 
allowed to distribute themselves in the T-maze arms for two 
minutes, after which they were trapped in their respective 
arms, anesthetized and counted. The "percent correct" then 
was calculated as the number of flies avoiding the shock- 
paired odor (they were in the opposite T-maze arm) divided 
by the total number of flies in both arms. (The number of 
flies left at the choice point, which usually was less than 
5%, were not included in this calculation) . Finally, a 
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performance index (PI) was calculated by averaging the 
percent corrects of two reciprocal groups of flies -- one 
where OCT and shock were paired, the other where MCH and 
shock were paired — and then by normalizing the average so 
5 that a PI-0 represented a 50:50 distribution in the T-maze 
and a PI -100 represented 100% avoidance of the shock-paired 
odor. For these studies, three different training 
protocols were used: 1. One-cycle training consisted of 
the training session just described. 2. Massed training 
10 consisted of 10 of these training cycles delivered one 

right after the other. 3. Spaced training consisted of lo 
training cycles with a 15-min rest interval between each. 
One- cycle training was used to assay learning, while massed 
and spaced was used to assay consolidated memories. 

15 Olfactory Acuity and shock B«»ao^ ^ .r-j |- y 

Odor avoidance responses to OCT or to MCH at two 
different concentrations -- one (10*) usually used in 
conditioning experiments and a 100-fold {10"^) dilution 
thereof -- were quantified in various groups of flies in 

20 the absence of heat shock and 3 hr or 24 hr after heat 
shock with the method of Boynton, S. and T. Tully, 
GeneticB, 131: 655-672 (1992). Briefly, flies are placed 
in a T-maze and given a choice between an odor and air. 
The odors are naturally aversive, and flies ususally choose 

25 air and avoid the T-maze arm containing the odor. For 
shock reactivity, flies are given a choice between an 
electrified grid in one T-maze arm, and an unconnected grid 
in the other. After the flies have distributed themselves, 
they are anesthetized, cotinted and a Pi is calculated. 


30 Statistical Analyses of Behavioral Data 

Since each PI is an average of two percentages, the 
Central Limit Theorem predicts that they should be 
distributed normally (see Sokal, R.R. and F.J. Rohlf, 
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Biometry. 2nd Edition, W.H. Freeman and Company, New York 
(1981) ) . This expectation was shown to be true by an 
en5>irical determination with data from Tully, t. and w.G. 
Quinn, J. Coop. Physiol., 1S7, 263-277 (1985) and Tully, t. 
and D. Gold, J. Neurogenet., 9: 55-71 (1993). Thus, 
untransformed (raw) data were analyzed parametrically with 
JMP2.1 statistical software (SAS Institute Inc., Cary NC) , 
Since preliminary experiments preceded all of the 
experiments summarized herein, all pairwise comparisons 
were planned. To maintain an experimentwise error rate of 
alpha - 0.05, the critical P values for these individual 
contparisons were adjusted accordingly (Sokal, r.r. and P.J 
Rohlf, Biometry, 2nd Edition, W.H. Freeman and Company, New 
York (1981)) and are listed below for each experiment. 

All experiments were designed in a balanced fashion 
with N-2 PIS per group collected per day; then replicated 
days were added to generate final Ns. in each experiment, 
the experimenter (M.D.) was blind to genotype. 

A. One-day memory in wild-type flies fed CXM before 
or immediately after massed or spaced training (Figure 8) : 
Pis from these four drug treatments (-CXM before, -CXM 
after, +aCM before and +CXM after) and two training 
procedures (massed and spaced) were subjected to a TWO-WAY 
ANOVA with DRUG (F„.„, - 8.93; P < 0.001) and TRAINing 
25 (F,i,„, - 18.10, P < 0.001) as main effects and DRUG x TRAIN 
(Fo.M) - 4.68, P - 0.006) as the interaction term. P 
values from subsequent planned comparisons are summarized 
in Figure 8. The six planned comparisons were judged 
significamt if P s o.Ol. 


20 


B. One-day memory after massed or spaced training in 
dCREB2'b transgenic flies (Figures 9A and 9B) : In 
e35>eriments with the 17-2 transgenic line. Pis from two 
strains (Can-S and 27-2) and four training -regimens 
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(spaced-hs, spaced-i-hs, massed-hs and oassed-i-hs) were 
flilbjected to a TWO-WAY ANOVA with STRAIN {P,i.4oi " 1.57; P - 
0.22) and TRAlNing- regimen (P,3.4o) -25.81, P<0.001) as main 
effects and STRAIN x TRAIN (F(],«o) - 6.62, P - 0.001) as the 
5 interaction term. A similar analysis was done with data 
from the Mll-1 transgenic line, yielding STRAIN (F<i,«o) - 
2.81; P - 0.10), TRAlNing- regimen (F,i,40) - 11.97, P < 
0.001) and STRAIN x TRAIN (F„,«o) - 3.37, P » 0.03) effects. 
P values from subsequent planned con^arisons are summarized 
10 in Figures 9A and 9B. In each experiment, the seven 

planned comparisons were judged significant if P s 0.01. 

C. Learning after one-cycle training in 17-2 
transgenic flies (Figure 9C) : Pis from two strains (Can-S 
and 17-2) and three heat-shock regimens t-hs, +hs {3 hr) 

15 and+hs (24 hr) ] were subjected to a TWO-WAY ANOVA with 
STRAIN (F,i,3oi - 0.69; P - 0.41) and HEAT-shock regimen 
(F,a,,o) - 10.29, P < 0.001) as main effects and STRAIN x 
HEAT (F,j,3o) ■ 0.71, P « 0.50) as the interaction term. P 
values from subsequent planned comparisons are summarized 

20 in Figure 9C. The three planned comparisons were judged 
significant if P s 0.02. 

D. One-day memory after spaced training in A2-2 
transgenic flies (Figure 10) : Pis from these three strains 
[w(iBoCJl) , 17-2 and A2-2] and two heat-shock regimens [-hs 

25 and +hs (3 hr) ] were subjected to a TWO-WAY ANOVA with 
STRAIN (F,a,,o) "9.43, P < 0.001) and HEAT-shock regimen 
(Fti.jo) - 9.84, P - 0.004) as main effects and STRAIN x HEAT 
(F(2.30) - 5.71, P - 0.008) as the interaction term. P 
values from subsequent comparisons are summarized in Figure 

30 10. The six planned comparisons were judged significant if 
P s 0.01. 
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E. Olfactory acuity in 17-2 flies (Table) : Pis from 
these two strains (Can-S and 17-2), four different 
odor-levels (OCT- 10», OCT- lO"', MCH-IO" and MCH- lO") and 
three heat-shock regimens [-hs. +h8 (3 hr) and the (24 hr)] 
were subjected to a THREE-WAY ANOVA with STRAIN {P^ « 
0.12, P . 0.73), ODOR-level (P„,,„, - 126.77, P < o'.'oOl) 

and HEAT-shock regimen (F,,.,.., - 3.55, P - o.03) as main 
effects, STRAIN x ODOR (P,,,,.,, . i.23, P . 0.30), STRAIN x 
HEAT (F,a,„4, - 0.33, P - 0.72) and ODOR x HEAT - 
3.14, P - 0.006) as two-way interaction terms and STRAIN x 
ODOR X HEAT (F,,.„„ . 0.48, P - 0.83) as the three-way 
interaction term. P values from subsequent planned 
comparisons are summarized in the Table. The twelve 
planned comparisons were significant if P t 0.005. 

F. Shock reactivity in 17-2 flies (Table) : Pis from 
these two strains (Can-S and 17-2), two shock groups {60V 
and 20V) and three heat -shock regimens [-he, +hs (3 hr) and 
+hs (24 hr)] were subjected to a THREE-WAY ANOVA with 
STRAIN (F<i,„, - 0.50, P - 0.48), SHOCK (F„.„, - 97.78, 
P<0.001) and HEAT-shock regimen (F„,,„ - 3 [36, P - 0. 04) as 
main effects, STRAIN x SHOCK (F^.w - 1-12, P - 0.29), 
STRAIN X HEAT (P„.„, - 1.06, P - 0.35) and SHOCK x HEAT 
<P(a.M) - 6.66, P - 0.002) as two-way interaction terms and 
STRAIN X SHOCK x HEAT (P„,,„ -1.75, P =0.18) as the 
three-way interaction term. P values from subsequent 
plaimed coii5)arisons are summarized in the Table. The six 
planned comparisons were judged significant if P s O.oi, 

Q. Seven-day memory after spaced training in 17-2 
flies (Figure 11) : Pis from two strains (Can-S and 17-2) 
and two heat-shock regimens [-hs and +hs(3 hr)] were 
subjected to a TWO-WAY ANOVA with STRAIN (P,i.„, « 6.09; P - 
0.02) and HEAT-shock regimen (F,i.„, . 16.30, p - o.OOl) as 
main effects and STRAIN x TRAIN iF^.tot - 7.73, P - o.Ol) as 
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the interaction term. P values from subsequent planned 
comparisons are summarized in Figure 11. The three planned 
comparisons were judged significant if P s0.02. 

H. One-day memory after spaced training in rsh/I7-2 
5 doxable mutants (Figure 12) : Pis from three strains (17-2, 

rsh and rah; 17 -2) and two heat -shock regimens [-hs and +hs 
(3 hr)] were subjected to a TWO WAY ANOVA with STRAIN 
(F(a.30)- 32.05; P < 0.001) and HEAT-shock regimen (F,i,,o, = 
59. 6B, P< 0.001) as main effects and STRAIN x TRAIN (F,j,3o, 
10 « 11.59, P < 0.001) as the interaction term. P values from 
subsequent planned con^arisons are summarized in Figure 12. 
The five planned comparisons were judged significant if P s 
0.01. 

I. Learning after one-cycle training in rsh; 17-2 

15 mutants (see text) : Pis from these two strains (Can-3 and 
rBh;17-2) and two heat-shock regimens t-hs and +hs (3 hr) ] 
were subjected to a TWO-WAY ANOVA with STRAIN (Pd.jo) * 
86.85, P < 0.001) and HEAT-shock regimen (F,j,20) = 0.02, P < 
0.89) as main effects and STRAIN x HEAT (F,!.,,, > 0.86, P - 

20 0.37) as the interaction term. P values from subsequent 
planned comparisons are summarized in the Table. The two 
planned comparisons were significant if P s 0.03. 

J. Olfactory acuity in rah; 17 -2 flies (Table) : Pis 
from these two strains (Can-S and rah; 17 -2 ) , four different 

25 odor-levels (OCT-10", OCT-IO'S MCH-IO" and M<3I-10-») and two 
heat -shock regimens [-hs, and -t-hs (3 hr)] were subjected to 
a THREE-WAY ANOVA with STRAIN (Fu.ua) - 0.02, P - 0.88), 
ODOR-level (F,3.iia, - 50.03, P < 0.001) and HEAT-shock 
regimen (F,i,nj, = 29.86, P < 0.001) as main effects, STRAIN 

30 X ODOR (Fj.iij, - 2.15, P = 0.10), STRAIN X HEAT (Fd.iu, - 
0.34, P - 0.56) and ODOR x HEAT (F^.^j, « 6.41, P - 0.001) 
as two-way interaction terms and STRAIN x ODOR x HEAT 


PCTyUS9S/13198 


-69- 

(Fo.xu) - 1-12, P - 0.3S) as the three-way interaction 
term. P values from subsequent planned comparisons are 
summarized in the Table. The eight planned comparisons 
were judged significant if P s O.Ol. 

5 K. Shock reactivity in rsJi/17-2 flies (Table) : Pis 

from these t%#o strains (Can-S and rah; 17 -2) , two shock 
groups (60V and 20V) and two heat-shock regimens t-hs and 
+hs (3 hr) ] were subjected to THREE-WAY ANOVA with STRAIN 
<Pa.s.) - 0.51. P - 0.48). SHOCK (F,^,„, . 88.14. P < 0.001) 

10 and HEAT-shock regimen (P,i,„, • 0.08. p - 0.77) as main 
effects, STRAIN x SHOCK (F^.j,, « 0. 12, P . 0.73, STRAIN x 
HEAT (Pa,5.) - 0.03, P - 0.86) and SHOCK x HEAT (F,i.s«, - 
0.39. P - 0.53) as two-way interaction terms and STRAIN x 
SHOCK X HEAT (P,j,,«, - 1.58. P - 0.21) as the three-way 

15 interaction term. P values from subsequent planned 

comparisons are summarized in the Table. The four planned 
con5)arisons were judged significant if P s 0.01. 

Northern Analvala 

For RNA collection, the heat -shock regimen was the 

20 same as for behavioral experiments. For any indicated time 
interval between heat-shock and collection, flies rested in 
food-containing vials at 25«»C. Plies were collected and 
quickly frozen in liquid nitrogen. All Northern analyses 
used head RNA. The tube of frozen flies was repeatedly 

25 rapped sharply on a hard surface, causing the heads to fall 
off. The detached frozen heads were recovered by sieving 
on dry ice. Approximately 1000 heads were pooled for RNA 
preparation. Wild-type and transgenic flies for each 
individual time point always *rere processed in parallel. 

30 Plies that were not induced were handled in a similar 
manner to induced flies, except that the vials were not 
placed at 37«»C. Total head RNA was isolated from each 
group of flies, and poly A+ RNA was isolated using oligo dT 
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columns according to the instructions of the manufacturer 

(5' >3' Inc.). The concentration of poly A+ mRMA was 

measured spectrophotometrically, and 0.5 mg of mRK/v per 
lane was loaded and run on 1.2% formaldehyde -agarose gels. 
5 Northern blots were prepared, probed and washed (0.1 x SSC 
at SB^C) as described (Ausubel, F., Current Protocols in 
Molecular Biology, John Wiley and Sons, New York, 1994) . 
For detection of the transgene, an 843bp dCREB2-b cDNA 
fragment was subcloned into pKS+ and used to generate a 
10 uniformly- labeled antisense riboprobe. This fragment codes 
for the carboxyl- terminal 86 amino acids of the dCREB2-b 
protein plus 3' untranslated mRNA. 

Western Blot Analysis and Antiserum 

Western blot analysis was performed using a rabbit 

15 antiserum raised against a peptide corresponding to 16 

amino acids in the basic region of the dCREB2-b cDNA with 
an additional COOH terminal Cys. The sequence of the 
peptide was: (SEQ ID NO. : 24) NH2-RKREIRLQKNREAAREC-C00H. 
The peptide was synthesized and coupled to Sulfo-SMCC 

20 (Pierce) activated keyhole lympet hemocyanin. The antigen 
was injected into rabbits (100 ^g) and boosted at two week 
intervals. Sera was bled and tested for immune reactivity 
towards bacterially- expressed dCREB2-b protein. The 
antiserum was passed through a CM Affi-gel Blue column 

25 (Biorad) , and the flow-through was concentrated by ammonium 
sulfate precipitation, resuspended and dialyzed against PBS 
(0.14 M NaCl, 2.7 mM KCl, 4.3 mM NajHPO«7HaO, 1.4 mM KHjP04, 
pH 7.3) . The dialyzed serum was affinity-purified using a 
peptide column made using an Ag/Ab Immobilization kit 

30 (Immunopure from Pierce) . After the antiserum was eluted 
using a 4M MgClj, 0.1 M HEPES pH 6.0 buffer, it was 
dialyzed into PBS and frozen. 

Each data point represents approximately 5 fly heads. 
Groups of eibout 25-50 flies 'were collected and quickly 
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frozen on liquid nitrogen until all of the time points had 
been collected. Heads were isolated resuspended in 
approximately 200 ^1 of Ix Laemrali sample buffer, allowed 
to thaw and homogenized with a Dounce type B pestle. 
5 San?>le8 were boiled for 5 minutes, and centrifuged for 10 
minutes at room temperature in an Eppendoff 
microcentrifuge. The supematants were collected and 
boiled again just prior to loading onto protein gels. 
Standard procedures were used to separate equal amounts of 

10 proteins from each sanple on 12% polyacrylamide-SDS gels 
and to transfer them to PtfDP membranes by electroblotting 
(Ausubel, P., Current Protocols in Molecular Biology, John 
Wiley and Sons, New York, 1994) . 

The membranes were blocked for 60 minutes with a 5% 

15 BSA solution made up in TEST (10 mM Tris, pH 7.9, 150 mM 
NaCl. 0.05* Tween 20). The primary antibody was diluted 
1:1000 in TEST and incxibated with the filter for 30 
minutes. The membranes were washed three times with TEST 
for 5 minutes each time and then incubated for 30 minutes 

20 with an alkaline phosphatase -conjugated anti-rabbit IgG 
second antibody (Promega) diluted 1:7500 in TEST. The 
membranes were washed three more times as before and 
developed using a chromogenic alkaline phosphatase reaction 
according to mMufacturers suggestions (Promega) . 

25 ExaiBPle 3 Traneqene Expression increased Af ner H«>at-- 

Shock Induetinn 

In order to interpret the effects of transgene 
induction on behavior, dCREB2-b eaqpression in transgenic 
flies (17-2) after heat-shock induction was measured. 
30 Northern blot analysis revealed elevated levels of hs- 
dCREB2-b message in the 17-2 flies immediately and three 
hovirs after heat -shock (Figure 7A) . This induction was 
also detectable in brain cells using in situ hybridization. 
Western blot showed increased dCREB2-b protein immediately 
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after induction {Figure 7B) . Elevated levels of the 
dCREB2-b protein were seen nine hours later and were still 
detectable twenty four hours after induction. These data 
indicate that increased amoxints of dCREB2-b existed in 
5 brain cells throughout spaced training, which ended about 
six hours after heat induction. 

The behavioral experiments also used trauisgenic flies 
(A2-2) which expressed a mutated dCREB2-b protein 
(dCREB2-mLZ) . These mutations changed the two internal 

10 leucine residues of the leucine zipper to valine residues, 
and these changes have been shown to result in a protein 
which is unable to form dimers (Dwarki, V.J. et al., EMBO 
J., 9: 225-232 (1990)). In transient co-transfection 
assays, the mutant protein was unable to block 

15 PKA-dependent transcription mediated by dCREB2-a, while the 
wild- type protein had blocking function. Western blot 
analysis showed that the wild-type and mutant blocker are 
esqpressed at similar levels beginning immediately after 
heat-shock induction and lasting for at least € hours 

20 (Figure 7C) . Therefore, it is unlikely that these two 
proteins have large differences in expression levels or 
stability in the transgenic flies. 

Northeim blot analysis of two different housekeeping 
genes, inyosin light chain (Parker, V.P., et al., Mol. Cell 

25 Biol., S: 3058-3068 (1985)) and elongation factor a 

(Hovemcum, B., et al . , Nucleic Acids Res.. 16: 3175-3194 
(1988)), showed that steady-state levels of their RNAs were 
unaffected after transgene induction for at least 3 hours. 
Gel shift analysis using two different consensus DNA 

30 binding sites showed that there was no large effect on the 
gel shift species which formed after transgene induction 
for at least 9 hours. Cotransfection of the blocker did 
not interfere with the activity of a trsmscription factor 
from a different family in cell culture. Considered 
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together, hB'dCREB2-b probably had fairly specific 
molecular modes of action after induction. 


EXamPlg 4 AgggBSment of the Ro1i> of gRESa 4 n Lona-T^T^n 

Memory Format j on 
5 Plies were fed 35 mM cycloheximide (CXM) for 12-14 

hours before, or for the 24 -hr retention interval 
immediately after, massed or spaced training (Figure 8) . 
Each of these CXM feeding regimens significantly reduced 
one-day memory after spaced training but had no effect on 

10 one-day memory after massed training (Figure 8) . Thus, 
cyclohexmide feeding immediately before or after spaced 
training disrupts one-day memory. These results suggest 
that protein synthesis is required soon after training for 
the formation of long- lasting memory. 

15 The results in Figure 8 show that cycloheximide 

feeding affects one-day retention after spaced training but 
not massed training. Different groups of wild- type (Can-S) 
flies were fed 5% glucose solution alone {hatched bars) or 
laced with 35 mM CXM (striped bars) either for 12-14 hr 

20 overnight before massed or spaced training or for the 24 -hr 
retention interval immediately after training. One-day 
memory retention was significantly lower than normal in 
flies fed CXM before (P < 0.001) or after (P « 0.001) 
spaced training. In both cases, one-day retention in CXM- 

25 fed flies was reduced to a level similar to one-day memory 
after massed training in glucose-fed flies (P - 0.88 for 
CXM before training and P - 0.71 for CXM after training) . 
In contrast, no difference was detected between CXM- fed and 
control flies for one-day memory after massed training (P - 

30 0.49 and P - 0.46, respectively). 

One day retention after spaced training was unaffected 
in uninduced (-hs) transgenic flies (17-2) but was 
significantly reduced in induced {+hs) transgenic flies 
(Figure 9A) . In contrast, one-day retention after massed 
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training was normal in both uninduced and induced 
transgenic flies (Figure 9A) . Comparisons of one-day 
retention after spaced or massed training between wild- type 
flies with (+hs) or without (-hs) heat-shock indicated that 
5 the heat-shock regimen itself did not have a non-specific 
effect on memory after either training protocol. Thus 
induction of the dCREB2-b transgene only affected (i.e., 
disrupted) one-day memory after spaced training. 

One day retention after spaced or massed training in 

10 Mll'l, a second line carrying an independent hs-dCREB2-b 
insertion, also was testfed. Results with Mll-i were 
similar to those obtained with 17-2 (Figure 9B) . These 
results show that the effect of induced hB-dCREB2-b does 
not depend on any particular insertion site of the 

15 transgene. 

. The results in Figures 9A-9C show that induction of 
the dCREB2'b transgene disrupts one-day memory after spaced 
training, while one-day memory after massed training and 
learning are normal. 

20 In Figure 9A, different groups of wild-type (Can-S) 

flies (hatched bars) or h8-dCREB2-b transgenic (17-2) flies 
(striped bars) were given spaced training or massed 
training in the absence of heat shock (-hs) or three hours 
after heat shock (+hs) . After training, flies were 

25 transferred to standard food vials and stored at le^C until 
one-day memory was assayed. No differences in one-day 
memory after spaced or massed training were detected 
between Can-S vs. 17-2 flies in the absence of heat shock 
{-hs; P « 0.83 and 0.63, respectively). When flies were 

30 trained three hours after heat shock (+hs) , however, one- 
day memory was significantly different between Can-S v. 17- 
2 flies after spaced training (P < 0.001) but not after 
massed training (P - 0.23). In fact, the one-day memory 
after spaced training was no different than that after 

35 massed training in induced 17-2 flies (P - 0.59) . In 
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addition, the heat-shock regimen did not produce a non- 
specific effect on one-day retention after spaced (P - 
0.59) or massed (P - 1.00) training in Can-S flies. N-6 
performance indices (Pis) per group. 
5 The experiment described in Figure 9A was repeated in 

Figure 9B with a second, independently derived dCREB2-b 
transgenic line, Mll-1 (striped bars) . Here again, a) no 
differences in one-day memory after spaced or massed 
training were detected between Can-S vs. Mll-l flies in the 

10 absence of heat-shock (-hs; P - 0.83 and 0.86, 

respectively) , b) a significant difference between Can-S v. 
Mll-l for one-day memory after spaced training (P < 0.001) 
but not after massed training (P - 0.85) when trained three 
hours after heat-shock (+hs) , c) one-day memory after 

15 spaced training was no different than that after massed 

training in induced Mll-l flies (P - 0.43) and d) the heat- 
shock regimen did not produce a non-specific effect on one- 
day retention after spaced (P - 0.59) or massed (P - 0.94) 
training in Can-S flies. N«€ Pis per group. 

20 If induction of the transgene specifically affected 

LTM via disruption of gene expression, then learning should 
not be affected, since it does not require new protein 
synthesis. Different groups of flies were trained using 
one -cycle training either without heat -shock, or three or 

25 twenty four hours after heat -shock. These time points 
after induction were selected to correspond to the times 
when flies were trained auid tested in the previous 
experiments (see Figures 9A and 9B) . Induction of the 
transgene (d-CHEB2-Jb) in the 17-2 line had no effect on 

30 learning in either case (Figure 9C) . 

In Figure 9C, different groups of Can-S flies (hatched 
bars) or 17-2 transgenic flies (striped bars) received one- 
cycle training in the absence of heat shock (-hs) or three 
(+hs 3hr) or 24 (+hs 24hr) hours after heat-shock and then 

35 were tested immediately afterwards. In each case, no 
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differences between Can-S vs. 17-2 flies were detected (Ps 
- 0.28, 0.64 and 0.42, respectively), indicating that 
learning was normal in induced or uninduced transgenic 
flies. Ne6 Pis per group. 
5 Induction of the transgene which contained the mutant 

blocker (A2-2) did not affect one-day retention after 
spaced training, while the wild- type blocker (17-2) had a 
dramatic effect (Figure 10). The vdao CJl) flies, whose 
one-day retention also was unaffected by heat induction, is 

10 the isogenic control for the mutant blocker transgenic 

flies. Since Western blot analysis showed that wild- type 
and mutant blockers probably have similar expression 
levels, this result suggests that the blocker requires an 
intact leucine zipper to function effectively. 

15 Figure 10 shows that induction of the h8-dCREB2-mLZ 

mutant blocker does not affect one -day retention after 
spaced training. Different groups of wild- type [w (iso 
CJl)}, h8-dCREB2-b transgenic (17-2) or mutant h8-dCREB2- 
mLZ transgenic flies (A2-2) received spaced training in the 

20 absence of heat-shock (-hs) or three hours after heat-shock 
(+hs) . The flies were then handled and tested as in Figure 
9A. No differences in one-day memory after spaced training 
were detected between wdeoCJl) vs. 17-2 flies or between 
w(iBoCJl) vs. A2-2 flies in the absence of heat shock (-hs; 

25 P « 0.38 and 0.59, respectively). When flies were trained 
three hours after heat shock (+hs) , however, one -day memory 
after spaced training was significantly different between 
w(iaoCJl) vs. 17-2 flies (P < 0.001) — as in Figure 9A -- 
but was not different between vdaoCJl) vs. A2-2 flies (P « 

30 0.78). In addition, the heat-shock regimen did not produce 
a non-specific effect on one-day retention after spaced 
training in wdaoCJl) or A2-2 flies (P » 0.40 and P -> 0.97, 
respectively. N-6 performance indices (Pis) per group. 
Olfactory acuity and shock reactivity are component 

35 behaviors essential for flies to properly learn odor-shock 
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assoclations. The Table shows the scores for these 
peripheral behaviors for Can-S versus 17-2 files. With or 
without heat-shock, olfactory acuity and shock reactivity 
were normal in 17-2 transgenic flies. Thus, hs-dCREB2-b 
5 induction does not affect olfactory acuity or shock 
reactivity. 

If induction of hB-dCREB2-b blocks long-term memory 
(LTW) , then long-lasting memory also should be blocked. In 
wild- type flies, seven-day retention after spaced training 

10 consists solely of the CXM-sensitive LTM because the CXM 
insensitive ARM component has decayed away. In uninduced 
transgenic flies (17-2) , seven-day retention after spaced 
training was similar to retention in uninduced wild- type 
flies (P « 0.83; Figure 11). Seven-day retention was 

15 severely disrupted, however, in transgenic flies which were 
trained three hours after heat -shock (P - 0.001) and did 
not differ from zero (P - 0.91). In contrast, the heat- 
shock protocol had no detectable effect on seven-day memory 
in wild-type flies (P - 0.39). Thus, induction of 

20 h8-dCREB2-b disrupts long-term memory (LTM) . 

Figure 11 shows that induction of hB-dCREB2-b 
completely abolishes 7 -day memory retention. Previous 
analyses of radiah mutants indicated that memory retention 
four or more days after spaced training reflects the sole 

25 presence of LTM. Thus, the effect of induced b8-dCREB2'b 
on LTM was verified by comparing 7-day retention after 
spaced training in Can-S (hatched bars) vs. 17-2 transgenic 
(striped bars) flies that were trained in the aOjsence of 
heat-shock (-hs) or three hours after heat shock (+hs) . 

30 Flies were stored in standard food vials at 18 °C during the 
retention interval. N-6 Pis per group. Seven-day 
retention after spaced training did not differ between Can- 
S and 17-2 in the absence of heat -shock (P • 0.83) but was 
significantly lower than normal in 17-2 flies after heat- 

35 shock (P « 0.002). In fact, 7-day retention after spaced 
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training in induced 27-2 transgenic files was not different 
from zero (P - 0.92). In addition, the heat-shock regimen 
did not affect 7-day retention after spaced training non- 
specifically in Can-S flies (P - 0.39). 
5 If induction of the h8-dCREB2-b transgene specifically 

blocks LTM, then it should only affect the CXM-sensitive 
component of consolidated memory after spaced training. 
For both transgenic lines, 17-2 and Mll-i, the effect of 
transgene induction looked similar to the effect that CXM 

10 had on wild-type flies (compare Figure 8 with Figures 9A 
and 9B) . This similarity suggested that the induced 
dCREB2-b protein completely blocked C3CM- sensitive memory, 
leaving ARM intact. The radish mutation disrupts ARM 
(Folkers, E., et al., Proc. Natl .Acad. Sex . USA, 90: 8123- 

15 8127 (1993)), leaving only LTM one day after spaced 

training. Thus, a radish h8-dCREB2-b "double mutant" (rsh; 
17-2) was constructed to allow examination of LTM in the 
absence of ARM. In the absence of heat -shock, rsh; 17 -2 
double-mutants and radish single-gene mutants yielded 

20 equivalent one-day retention after spaced training (Figure 
12) . In contrast, when these flies were heat-shocked three 
hours before spaced training, one-day retention was 
undetectable in rsh; 17-2 flies but remained at mutant 
levels in radish flies. The double mutant also showed 

25 normal (radish- like) learning (P - 0.59) and normal 

(wild-type) olfactory acuity and shock reactivity in the 
absence of heat -shock versus three hours after heat shock 
(see the Table) . 

Figure 12 shows that induction of hs-dCREB2-b 

30 completely abolishes one-day memory after spaced training 
in radish; 17-2 "doToble mutants." Since radish is known to 
disrupt ARM, a clear view of the effect of h8-dCREB2-b on 
LTM was obtained in radish; 17-2 flies. One-day retention 
after spaced training was assayed in rsh; 17-2 double 

35 mutants and in 17-2 and rsh single-gene mutants as 
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controls. Plies were trained in the absence of heat -shock 
(hatched bars) or three hours after heat -shock (striped 
bars) and stored at 18'C during the retention interval. As 
usual, induction of hB-dCIiEB2-b produced significantly 
5 lower one- day memory after spaced training in 17-2 flies 
(P < 0.001). The heat -shock regimen, however, had no 
effect on such memory in radiah mutzmts 
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CP - 0.52), which reflects only the presence of LTM. In 
contrast, heat -shock produced significantly lower scores in 
raBb;17-2 double mutants (P < 0.001), which were not 
different from zero (P - 0.20). N-6 Pis per group. 

5 

The following materials and methods were used in the 
work described in Examples 5 and 6. 

PavlQVian Learning and M«.m»Tv and T#l»^^^rT 
10 During one training session, a group of about 100 

flies was exposed sequentially to two odors [either octanol 
(OCT) or methylcyclohexanol (MCH) ] for 60 seconds with 45- 
second rest intervals after each odor presentation. During 
exposure to the first odor, flies received twelve 1.5- 
15 second pulses of 60 V DC with a 5 -second interpulse 
interval . 

After training, flies were transferred to food vials 
and stored at 18 for a seven-day retention interval. 
Conditioned odor -avoidance responses then were tested by 

20 transferring files to the choice point of a T-maze, where 
they were exposed simultaneously to OCT and MCH carried on 
converging currents of air in the distal ends of the T-maze 
arms and out the choice point. 

Plies were allowed to distribute themselves in the T- 

25 maze arms for 1208, after which they were trapped in their 
respective arms, anesthetized and counted. The "percent 
correct" then was calculated as the number of flies 
avoiding the shock-paired odor (they were in the opposite 
T-maze arm) divided by the total number of flies in both 

30 arms. (The number of flies left at the choice point, which 
usually was less than 5%, were not included in this 
calculation.) Finally, a performance index (PI) was 
calculated by averaging the percent corrects of two 
reciprocal groups of flies -- one where OCT and shock were 

35 paired, the other where MCH and shock were paired- -and then 
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by noinnalizing the average so that a PI-0 represented a 
50:50 distribution in the T-maze and a PI-lOO represented 
100% avoidance of the shock-paired odor. 

All behavioral experiments were designed in a balanced 
5 fashion with N»2 Pis per group collected per day; then 
replicated across days to generate final Ns. In all 
experiments, the experimenter was blind to genotype. 

Statistical Analvses of Behavior Data 

10 Pis are distributed normally (Tully, T. and D. Gold, 

J. Neurogenet. , 9: 55-71 (1993)). Consequently, 
untransformed (raw) data were analyzed parametrically with 
JMP3.01 statistical software (SAS Institute Inc., Gary NC) . 
Negative accelerating exponential Gompertz (growth) 

15 functions (see Lewis, D. , C?uantitative Methods in 

Peychology, McGraw-Hill, New Yor)c, New York (1960) ) were 
fit to the data in Figures 13A and 13B via nonlinear least 
squares with iteration. 

20 ExaPfflC § Effect on Long Term Memory of Repeated 

Training Seesigng 
Seven-day memory retention (a measure of long term 
memory) in wild-type (Can-S) flies is induced incrementally 
by repeated training sessions. An automated version of a 

25 discriminative classical conditioning procedure was used to 
electroshock flies during exposure to one odor (CS+) but 
not to a second odor (CS-) . Seven days after one or more 
training sessions, memory retention of conditioned odor 
avoidance responses was quantified in a T-maze, where flies 

30 were presented the CS* and CS- simultaneously for 120 
seconds . 

In Figure 13A, long term memory as a function of the 
number of training sessions is indicated by open circles. 
One training session produced a mean performance index 
35 (PI±SEM; Note 1) near zero. Additional training sessions 
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with a 15-minute rest interval between each, however, 
yielded a steady increase in mean Pis with a maximum of 39 
after ten training sessions. Ten additional training 
sessions produced similar performance. A nonlinear 
5 "growth" function (solid line) was fit to the individual 
Pis using an iterative least squares method. N « 13, 6, 6, 
6, 13, 7, 7, 7, 7, 6, 7 and 7 Pis for groups receiving l- 
10, 15 and 20 training sessions, respectively. 

10 ExamPlg g Effect on Long Term Memory nf th^ 

Interval Between Each Training session 
Seven-day memory retention (a measure of long term 
memory) in wild-type (Can-S) flies is induced incrementally 
by the rest interval between each training session. As 

15 described in Example 5, an automated version of a 

discriminative classical conditioning procedure was used to 
electroshock flies during exposure to one odor (CS+) but 
not to a second odor (CS-) . Seven days after one or more 
training sessions, memory retention of conditioned odor 

20 avoidance responses was quantified in a T-maze, where flies 
were presented the CS+ and CS- simultaneously for 120 
seconds . 

In Figure 13B, long term memory as a function of the 
rest interval is indicated by open circles. Ten training 

25 sessions with no rest interval between each (massed 

training) produced a mean PI near zero. Increasing the 
rest interval between each of ten training sessions yielded 
a steady increase in mean Pis with a maximum of 34 for a 
10 -minute rest interval. Rest intervals up to ten minutes 

30 longer produced similar performance. A nonlinear growth 
function (solid line) was fit to the data as above. N - 
12, 6, 6, 6, 6, 13, 7, 7, 7, 7, 7, 7 and 7 Pis for groups 
receiving 0-10, 15 and 20 minutes of rest between each 
training session. 


35 
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The following materials and methods were used in the 
work described in Examples 7-io. 

Isolating Transgenic Fli^« 
5 EcoRI restriction sites were added {using PCR) just 5' 

to the putative translation initiation site and just 3' to 
the translation termination site in the dCREB2-a cDNA. 
This fragment was sequenced and subcloned into CaSpeR hs43, 
a mini-white transformation vector which contains the hspVO 

10 promoter, in the orientation so that the dCREB2-a open 
reading frame is regulated by the hspVO promoter. Germ- 
line transformation was accomplished by injecting into 
isogenic wdsoCJl) erabryoes using standard techniques 
(Spradling, A.C. and G.M. Rtibin, Science, 218: 341-34? 

15 (1982); Rubin, G.M. and A. Spradling, Science, 218: 348-353 
(1982)). By injecting DNA into the relatively homogeneous 
genetic background of wdsoCJl) , outcrossing of the 
resulting germ-line transformemts to equilibrate 
(heterogeneous) genetic backgrounds was not necessary. Two 

20 transgenic lines, C28 and C30, each with one independent P- 
element insertion were generated and characterized. They 
appeared normal in general appearance, fertility and 
viability. Plies homozygous for the C28 or C30 transgene 
were bred and used for all experiments. 

25 

For heat-shock induction, flies were collected within 
two days of eclosion, placed in glass bottles in groups of 
about 600, and incubated ovemight at 25«*C and 70% relative 

30 humidity. The next day, three hours before training, 

groups of approximately 100 flies were transferred to foam- 
stoppered glass shell vials containing a strip of filter 
paper to absorb excess moisture. The vials then were 
submerged in a 37»C water bath until the bottom of the foam 

35 stopper (inside the vial) was below the surface of the 
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water, thereby insuring that the flies could not escape 
heat -shock. The vial remained sul»nerged for 30 minutes, 
after which the flies were transferred to a standard food 
vial for a 3-hr recovery period at 25»C and 70% relative 
5 humidity. Training began immediately after the recovery 
period. 

Statietical ftnalvees of Behavior Da^« 

Pis from the three strains (Can-S, C28 and C30) and 

10 six training-regiments {Ix+hs, 2xmassed+hs, lOxmassed+hs, 
ix-hs, 2xmassed-hs and lOxmassed-hs) were subjected to a 
TWO-WAY ANOVA with STRAIN (F„. „2,-48.34; P <0.001) and 
TRAINing- regimen (F,5. io2)-25.47, P <0.001) as main effects 
and STRAIN X TRAIN (Fuo. ioa)-5.85, P <0.001) as the 

15 interaction term. Since preliminary experiments preceded 
all of the experiments summarized herein, all pairwise 
comparisons were planned. To maintain an experimentwise 
error rate of alpha - 0.05, the individual comparisons 
summarized in Figure 15B were judged significant if P < 

20 0.002 (Sokal, R.R. and F.J. Rohlf, Biometxy, 2nd Edition, 
W.H. Freeman and Conqpany, New York (1981) ) . 

ExatnP ^ fi 7 A Molecular Switch for the Forma Mon of Lona 

Term McmoTy 

25 Figure 14 presents a conceptual method of a molecular 

switch for the formation of LIM, based on differential 
regulation of CREB isoforms with opposing functions. 

Immediately after one training session, the relevant 
CREB activators and repressors are induced. Their combined 

30 functions (rather than molecular concentrations) are 

equivalent and yielded no net effect of CREB activators. 
Thus, repeated sessions of massed training (no rest 
interval) never induce LTM (see Figure 15A) , CREB 
repressors functionally inactivate faster than CREB 

35 activators, however, yielding an increasing net effect of 
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CREB activators (AC) with time (see Figure 13B) . if AC is 
positive at the end of a particular rest interval during 
spaced training, then CREB activators are free to initiate 
downstream events involved with the formation of LTM. 
Usually, AC after one training session is not large enough 
to yield much LTM. Thus, repeated spaced training sessions 
serve to increase AC incrementally eventually to produce 
maximal LTM (see Figure 13A) . 

Experimental verification of two predictions from this 
model involving CREB as a molecular switch for long term 
memory formation is shown in Figures 15A-15C and discussed 
in Examples 8-10. 

E^SftTOlg 9 Effect on Lono T«.rn. Momorv of u^^ y na Emial 

Amounts of CRRB Aetivafni^a and R«»n^^affr^-rp 
lT!Pediatelv After One Training SAffpj^n 

The model of a molecular switch for LTM predicts that 
the functional effects of all CREB activators and 
repressors are equal immediately after one training session 
(AC«0) . If no rest interval occurred between additional 
training sessions (massed training) , then functional CREB 
activator would not accumulate, thereby preventing the 
induction of downstream events required for LTM induction. 

To test this notion, wild-type (Can-S) flies were 
subjected to 48, instead of the usual 10 (see Figure 15B) , 
massed training sessions (48x massed) or, as a positive 
control, to 10 spaced training sessions with a 15 -minute 
rest interval (lOx spaced) . Seven-day memory after such 
massed training was near zero (Figure ISA) , while that 
after spaced training was near its usual maximum value (see 
Figure 13A) . Thus, nearly five times the usual amount of 
massed training still did not induce LTM. N«6 Pis for each 
group. 

Pis from two groups (lOx spaced or 48x massed) of 
wild-type (Can-S) files were subjected to a ONE-WAY ANOVA 
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With GROUP (P,„,-51.13; P <0.001) as the main effect. A 
subsequent planned comparison revealed that the mean PI of 
the 48x massed group did not differ significantly from zero 
{ttio,-1.66; P-0.127) . 


Effect on T.ona Term M^mr^T-y r,f inr^r-^^f^pj niT 
AmgUntg Qf rPKR Aetiva^o^ 
The model of a molecular switch for LTM predicts that 
experimentally increasing the amount of CREB activator will 
eliminate the requirements for at least lO repeated 
training sessions with a 10 -minute rest interval between 
each to produce maximal LTM. 

To test this idea, two transgenic lines (C28 and C30) 
carrying an inducible bBp'dCRBB2''a activator construct 
inserted into different cytological locations were 
generated. Different groups of flies from these two 
transgenic lines were stibjected, along with wild-type (Can- 
S) files, to 1 (ix) 2 {2x) or (lOx) massed training 
sessions three hours after heat -shock induction of the 
transgene (induced) or in the absence of heat -shock 
(uninduced) . 

Without heat -shock, seven-day memory in all three 
strains did not differ from zero after one, two or ten 
massed training sessions (all Ps > 0-002). With heat- 
shock, seven-day memory in wild- type flies remained near 
zero in each massed training group (all Ps > 0.002). In 
contrast, seven-day memory was significant (near the 
maximum of 35) after ten massed sessions in both the C28 
and C30 trsmsgenic lines (all Ps < 0.0001). Moreover, 
seven-day memory after one training session was similar to 
that after ten training sessions in both C28 (P - 0.89) and 
C30 (P - 0.89) transgenic flies. Thus, maximum LTM was 
induced after just one training session in transgenic flies 
e:q)ressing abnormally high levels of CREB activator. N-iO, 
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4 and 6 Pis for each group of Can-S, C28 and C30, 
respectively . 


E?;9fflp^g 10 Olfactory Acuity and Shock React- iv^^Y 

5 Odor avoidance responses to OCT or to MCH were 

quantified with the method of Boynton, S. and T, Tully, 
Genetics, 131: 655-672 (1992), given a choice between an 
odor and air. The odors are naturally aversive, and flies 
usually chose air and avoided the T-maze arm containing the 

10 odor. After 120 seconds, the flies were trapped in their 
respective arms of the T-maze, anesthetized and counted. A 
PI was calculated as a normalized percent correctly 
avoiding the odor (cf. Exanple 5). Pis from these two 
strains and two odor-groups (OCT and MCH) were subjected to 

15 a TWO-WAY ANOVA with STRAIN (Pn, ij,=1.57, P-0.23) and ODOR 
isi-0-07, P-0.80) as main effects and DRUGxODOR 
(Pa,ia)"0.15, P-0.71) as the interaction term. The two 
subsequent planned comparisons were judged significant if 
P < 0.025. 

20 Shock reactivity was quantified with the method of 

Dura, J-M., et al., J, Neurogeaet . , 9: 1-14 (1993) in wild- 
type (Can-S) flies, or in a transgenic line (C2S) carrying 
an inducible hsp-dCREB2-a construct, three hours after a 
30-minute heat shock at 37«'C. Briefly, flies were placed 

25 in a T-maze and given a choice between an electrified grid 
(60V DC) in one T-maze arm and an unconnected grid in the 
other. After 120 seconds, the flies were trapped in their 
respective T-maze arms, anesthetized and counted. A PI was 
calculated as for olfactory acuity. Pis from these two 

30 strains were subjected to a ONE- WAY ANOVA with STRAIN (F,,., 
(,-13.03, P-0.01) as the main effect. 

Naive avoidance responses to odors or to shock three 
hours after heat-shock did not differ between wild-type 
(Can-S) versus transgenic {C28) flies for the two odorants 

35 (MCH and OCT) used for conditioning experiments (P-0.27, 
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0.55, respectively). N«4 Pis per group. Naive shock 
avoidance responses three hours after training for 
transgenic flies were slightly lower than those for wild- 
flies (P-O.Ol). N«4 Pis per group. 

5 

Exanples 11-13 pertain to the Droaophila nitric oxide 
synthase work. 

Example ll Low Stringency Hybridization to a Phage 
10 Library of the DrOBOchilA Genomic anrt 

Screening of DroBoohila cDNA Library 
6x10* plaques of a genomic Droaophila XDASH library 
with the 1.3 kb Bgl II fragment of rat neuronal NOS cDMA 
(residues 3282-4573) under low stringency conditions of 40% 

15 formamide were screened as described in W.M. McGinnis et 
al., Mature 308: 428 (1984). Fifty positive phage were 
purified and grouped based on inter se hybridization. The 
contig containing the 2.4R fragment of dWOS was comprised 
of 15 phage clones. Regions of cross-hybridization to the 

20 rat probe were identified, subcloned and three of them were 
sequenced. The other two did not contain sequences 
homologous to any protein in the database. A DroBophila 
head cONA library (a gift from P. Salvaterra) was screened 
with the 2.4R fragment isolated from phage clone X8.ll in 

25 standard conditions. All phage purification and cloning 
steps were done with standard methods (J. Sarobrook, E.F. 
Pritsch, T. Maniatis, Molecular cloning: A Laboratory 
Manual (Cold Spring Harbor Ladxsratory, Cold Spring Harbor, 
NY, 1989) ) . cDNA fragments were subcloned into Bluescript 

30 (Stratagene) and sequenced on both strands with Sequenase 
2.0 (USB). 


35 
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Example u Agtmty ftf PT< PBQuhiU Nirr ic ov,-ho oynrh nr- 

The expression construct for activity assays contained 
dNOS cDNA {with an Xbal site engineered immediately 
5 upstream of the ATG codon) cloned into the JQbal and 5jnal 
sites of the pCGN expression vector [M. Tanaka and W. Herr. 
Cell, 60: 375 (1990)]. 293 human kidney cells were 
transf acted with IStig of the dNOS construct, or vector DNA, 
and precipitated with calcium phosphate as described in 

10 [M.J. Imperiale, L.T. Peldraan and J.R. Nevins, Cell, 35: 

127 (1983)1. Cells were collected 2 days later and protein 
extracts were prepared as described in [J. Sarabrook, E.F. 
Pritsch, T. Maniatis, Molecular cloning: A Laboratory 
Manual (Cold Spring Harbor Laboratory, Cold Spring Harbor, 

15 NY, 1989)]. 

The fusion protein for raising anti-DNOS antibodies 
was made by cloning a 0.29 kb £ajnll05I-SacI fragment of 
dNOS cDNA (this fragment codes for 97 N-terminal amino 
acids of dNOS ORF) into EcoRi site of pGEX-KG [K. Guan and 

20 J.E. Dixon, Anal. Biochem. , 192: 262 (1991)]. The fusion 
protein was expressed in BL21 E. coli strain and purified 
over Glutathione-Sepharose columns (Pharmacia) as described 
in [G.J. Hannon, D. Demetrick, D. Beach, Genes & Dev., 7: 
2378 (1993)]. Immunization of rabbits, and serum 

25 preparation, was done by Hazleton Research Products, Inc. 
(Denver) . The DNOS protein was detected on Western blots 
using a 1:500 dilution of rabbit serum, and cross-reacting 
bands were visualized with anti-rabbit alkaline phosphatase 
conjugate (Promega) according to the protocol provided. 

30 The enzymatic assay was done essentially as described 

previously (D. Bredt and S. Snyder, Proc. 2WatI. Acad. Sci. 
USA, 87i 682 (1990)]. A 100 ml reaction mixture containing 
25 nl (50-100 iiq) of soluble protein extract, 50 mM Hepes 
pH 7.4, 3 MM FAD, 3mM FMN, 10 /xM tetrahydrobiopterin (ICN) , 

35 1 mM DTT, .8 mM CaClj, 1 mM NADPH, 10 fiq/ml calmodulin, 2^1 
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of t»H]L-arginine (35.7 Ci/n«nol, nen) and 50 nW L- valine in 
was incubated for 60 minutes at 37«C. The reaction was 
stopped with 0.5 ml 20 «M Hepes pH 5.5. 2mM EDTA, 2mM EGTA 
loaded on 0.5 ml Dowex AG 50WX-8 {Na* form) column and 
i eluted with 3x0.5 ml of the stop buffer. Radioactivity 
present in the eluent was quantified in a scintillation 
counter. 

Figures 17A-17B show the expression of DNOS enzymatic 
activity in 293 kidney cells. Figure 17A shows the results 
of a Western blot analysis of protein extracts from 293 
cells transfected with vector alone (lane 293 + vector) or 
with duos cDNA construct (lane 293 + dNOS) . 25 ^g of 
soluble protein extracts was resolved on 7.5% 
polyacrylamide gel, transferred to nitrocellulose membrane 
and treated with anti-DNOS antibody. The arrow indicates 
the position of the DNOS protein. Positions of molecular 
weight markers (in kD) are shown on the left. 

Figure 17B shows siginificant DNOS enzyme activity 
measured in 293 cell extracts by conversion of »H-L- 
arginine to 'H-L-citrulline. Enzymatic activity was 
detected only in cells transfected with dNOS cDNA construct 
(groups B-D) and is presented as specific activity (pmol of 
citrulline/mg/min.) , The DNOS activity also was measured 
in the presence of i raM EGTA without exogenous Ca»* or 
calmodulin (group C) , or in the presence of 100 mM L-NAME 
(group D) . H-4 reactions per group. 

B XaniPle l? Splleina P;%tfcft^ of ^yi^f^ 

Heads and bodies of adult flies were separated on 
sieves. Total RNA was isolated by the guanidinium 
isothiocyanate method [P. Chomczynski and N. Sacchi, Anal, 
fliochem., 162: 156 (1987)]. Poly (A)* RNA selection, 
Northern blot and hybridization were done with standard 
methods (J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular 
cloning.- A Laboratory Manual (Cold Spring Harbor 
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Laboratory, Cold Spring Harbor, NY, 1989)]. The blot was 
hybridized with random-primed dNOS cDNA {10*cpm/ml) , washed 
in O.lxSSC and 0.1% SDS at 65»C and exposed to X-ray film 
for 72 hours. Two 25-mer primers [corresponding to 
5 residues 1374-1399 (the top primer) and 1793-1817 (the 
bottom primer) in the dNOS sequence] were used to amplify 
fragments of two dNOS splice products. Each RT-PCR 
reaction contained 30 ng of poly (A)* head RNA. In the 
first stage (RT) , 90 ng of the bottom primer and 5U of rTth 

10 polymerase (Perkin-Elmers) were added and the mixture was 
inctibated in the MJ Research Minicycler" in the following 
sequence of conditions: 95»C/1 minute, 670C/45 seconds, 
70«»C/13 minutes. The second stage (PCR) was carried out as 
follows: 94»C/45 seconds, 63»C/45 seconds, 70 "0/90 seconds 

15 and was repeated for 35 cycles. Products of the reaction 
were analyzed on a denaturing polyacrylamide (8%) gel. 
Bands of interest were isolated, reamplified, cloned into 
pCRlOOO (InVitrogen) and sequenced with Sequenase kit 
(USB) . 

20 Northern blot analysis of dNOS expression in adult 

flies shows a 5.0 Icb dNOS transcript present in heads 
(Figure 18A) . Each lane contained 10 mg of poly (A) * mRNA 
isolated from Drosophila heads (H) or bodies (B) . The 
Northern blot was hybridized with the dNOS cDNA as 

25 described above. Positions of size markers (in kb) are 
shown on the left. The blot was overprobed with myosin 
light chain (MLC) (Parker, V.P., Mol. Cell Biol. 5: 3058- 
3068 (1985)) as a standard for RNA concentration. 

Figure 18B shows that the dNOS gene expresses two 

30 alternatively spliced mRNA species. RT-PCR reactions were 
performed on poly (A)* mRNA isolated from Drosophila heads 
and were resolved on 8% polyacrylamide gel. Arrows 
indicate the positions of DNA fragments of expected sizes: 
the 444 bp long-form fragment and the 129 bp short-form 

35 fragment (lane -i-RNA) . Other bands present in this lane are 
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artifacts from heteroduplexes that failed to denature. 
Poly (A)* mRNA was omitted from the control reaction (lane 
-RNA) , which otherwise was done in identical conditions . 
Size markers (kb ladder) are sho%m in the middle lane (KB) . 

5 

Those skilled in the art will know, or be able to 
ascertain, using no more than routine experimentation, many 
equivalents to the specific embodiments of the invention 
10 described herein. These and all other equivalents are 
intended to be encort^assed by the following claims. 
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(2) INFORMATION FOR SEQ ID N0:1: 

(i) SBQDB NCE CH ARACTERISTICS; 

(A) LENQTB: 1083 base pairs 

(B) TYPE: nuelaie acid 

(C) STRANDEDNESS: double 

(D) TOPOLOOY: linear 

(ii) MOLECULE TWE: other nucleic acid 

(A) DESCRIPTIOW: /dese - "cDNA and PCR analysis" 

(ix) FBATORE: 

(A) NAME/KEY ! CDS 

(B) LOCATIOH: 1..1080 

(Xi) SEQOENCE DESCRIPTION: SEQ ID NO:l: 

ATO GAC AAC A6C ATC CTC GAO GAG AAC GGC AAC TCQ TCG GCG GCA TCG 
Met Asp Asn Ser He Val Glu Glu Asn Gly Asn Ser Ser Ala Ala S« 
* 5 10 15 

GGC TCC AAT GAC GTG GTC GAT QTC GTT GCC CAA CAG GCG GCG OCA GCG 
Gly Ser Asn Asp Val Val Asp Val Val Ala Gin Gin Ala Ala Ala Ala 
20 25 30 

GTG GGC GGC GGC GGT GGA GGA GGA GGA GGC GGC GGC GGC GOT GGT AAC 
val Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly §iy 5Iy JiS 
35 40 45 

CCC CAQ CAG CAG CAA CAG AAC CCA CAA AQT ACA ACG GCC GGC GGT CCA 
Pro Oln Gin Gin Gin Gin Asn Pro Gin Ser Thr Thr Ala Gly Gly Pro 

ACQ GOT GCG ACQ AAC AAC GCC CAG GGAGGCGGAGTGTCCTCCGTGCTG 
Thr Gly Ala Thr Asn Asn Ala Gin Gly Gly Gly Val Ser Ser Val Leu 
65 70 75 80 

ACC ACC ACC GCC AAC TGC AAC ATA CAA TAC CCC ATC CAG ACQ CTG GCG 
Thr Thr Thr Ala Asn Cys Asn He Gin Tyr Pro He Gin Thr Leu Ala 
85 90 95 

CAQ CAC GGA CTG CAQ GTG AGC ATTTGGGGACCGGGTQCTTGQTOTCAA 
Gin His Gly Leu Gin Val Ser He Trp Gly Pro Gly Ala Trp Cys Gin 
iOO 105 1X0 
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CTO TCO AOT OTC AGO TGT TAC OOA TCr CAO CCA OAA OTC OCT ACC AAO 
Leu Ser Ser V.1 Arg Cys Tyr Gly Ser Gin Pro Olu ^ ^ ^ ^ 
120 125 

GAT OTO CA6 TCC GTO ATA CAO 6CC AAT CCC TCG OQA GTC ATA CAG ACA 
Asp yal Gin Ser Val lie Gin Ale Asn Pro Ser Gly V.1 iS SS ?S 
135 j^^Q 

S?^ 2f ^ ^ <^ ^ CAS CTG GCC 6CC GCC ACA see 
Ala Ala Gly Thr Gin Gin Gin Gin Gin Ala Leu Ala Ala aS tS SS 
' 150 155 

AT6 CAG AA6 0T6 GTC TAC GTO GCC AAG CCO CCQ AAC TCG ACG GTC ATC 
Met Gin Ly. Val Val Tyr Val Ala Lya Pro Pro Aan Ser Thr v^l Ue 
IfiS 170 3^75 

^ ^'f^ <^ «™ CGT AAC AAA ATC CCT CCA 

Hia Thr Thr Pro Gly Asn Ala Val Gin Val Arg Asn Lys lie Pro Pro 
180 185 190 

t^'Z S7 I?^ **** CCG AAC ACG CAG CAC CCG GAG 

Thr Phe Pro Cys Lys lie Lys Pro Glu Pro Asn Thr Gin His Pro Qlu 
200 205 

GAC AGC GAC GAG AGT CTG TCG GAC GAC GAT TCC CAG CAC CAC CGC AGC 
Asp ser Asp Glu Ser Leu Ser Asp Asp Asp Ser Gin His Ss S Se? 
2X0 215 220 

GM CTG AM CGA CGG CCG TCG TAC AAT AAG ATC rrc ACC GAG ATC AGC 
Qlu Leu Thr Arg Arg Pro Ser Tyr Asn Lys He Phe Thr Glu lie Ser 
"5 230 235 240 

GGT CCG GAC ATG AGC GOC GCA TCG CTT CCC ATO TCC GAC GGC GTO CTC 
Gly Pro Asp Met Ser Gly Ala Ser Leu Pro Met Ser Asp Gly Val Leu 
2*5 250 255 

AAT TCC CAG CTG GTG GGG ACC GGA GCG GGG GGC AAT GCG GCG AAC AGC 
Asn ser Gin Leu Val Gly Thr Gly Ala Gly Gly Asn Ala Ala Asn Ser 
260 265 270 

TCC CTG ATO CAA TTG GAT CCC ACQ TAC TAC CTG TCC AAT COG ATO TCC 
Ser Leu Met Gin Leu Asp Pro Thr Tyr Tyr Leu Ser Asn Arg Met Ser 
275 280 285 

TAC AAC ACC AAC AAC AGC GGG ATA GCG GAG GAT CAG ACC COT AAG CGC 
Tyr Asn Thr Asn Asn Ser Gly He Ala Glu Asp Gin Thr Arg Lys Aro 
290 295 300 ^ ' 9 

GAG ATC COO CTG CAG AAG AAC AGG GAG GCG GCG COT GAG TGC COG CGC 
Glu He Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Glu Cys Arg Ara 
305 310 315 320 

AAG AAG AAG GAS TAC ATC AAG TGC CTG GAG AAT CQA GTO GCG GTO CTA 
Lys Lys Lys Glu Tyr He Lys Cys Leu Glu Asn Arg Val Ala Val Leu 
325 330 335 

GAG AAC CAA AAC AAA GCG CTC ATC GAG GAG CTO AAG TCG CTC AAG GAG 
Glu Aan Gin Asn Lys Ala Leu He Qlu Glu Leu Lys Ser Leu Lys Glu 
340 345 350 
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CIC TAT TGT CM ACC AAO AAC Wt TOA 
Leu Tyr Cy« Oln Thr Lys Aan Asp 
355 360 

(2) INFORMATION FOR SEQ ID K0:2: 

(i) SBgJKW at CHAR ACTERISTICS; 

(A) IiBNQTH: 360 amino aeida 

(B) TYPE: amino acid 
(D) TOPOl/m: linear 

(ii) MOLBCOUt TYPE: protein 

<Xi) SEQUEKCE DESCRIPTION: SEQ ID NO: 2: 

Met Anp ABn Ser He Val Glu Glu A«n Gly Asn Ser Ser Ala Ala Ser 
10 15 

Gly Ser Aan Asp Val Val Aap Val Val Ala Qln Gin Ala Ala Ala Ala 

" 25 30 

Val Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Gly Aan 

Pro Gin Gin Gin Gin Qln Aan Pro Gin Ser Thr Thr Ala Gly Gly Pro 

Thr Gly Al. Thr Aan Aan Ala Gin Gly oly Gly Val Ser Ser Val Leu 
° 75 go 

Thr Thr Thr Ala Aan Cya Aan He Gin Tyr Pro lie Gin Thr Leu Ala 
■5 90 j5 

Gin Hi. Gly Leu Gin Val Ser He Trp Oly Pro Gly Ala Trp Cya Gin 
105 110 

Leu Ser Ser Val Arg Cya Tyr Gly Ser Gin Pro Glu Val Ala Thr Lva 
**» 120 ' 

Asp val Gin ser V.l He Gin Ala Asn Pro Ser Oly v.l He Gin Thr 

"0 135 

Ala Ala Gly Thr Gin Gin Gin Gin Gin Ala Leu Ala Ala Ala Thr Ala 

Met Gin Ly. Val Val Tyr Val Ala Lys Pro Pro Asn Ser Thr Val He 

"5 170 175 

His Thr Thr Pro Gly Asn Ala Val Gin Val Arg Aan Ly. He Pro Pro 
180 185 190 

Thr Phe Pro Cys Lys He Lys Pro Glu Pro Asn Thr Oln His Pro Glu 
195 200 205 

^'"^ *"P '^P Ser Gin Bis His Arg Ser 
215 220 

Glu Leu Thr Arg Arg Pro Ser Tyr Asn Lys He Phe Thr Glu He Ser 
225 230 235 240 
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Gly Pro Asp Met Ser Qly Ala Ser Leu Pro Met Ser Asp Oly Val Leu 
245 250 255 

Asn Ser Oln Leu Val Oly Thr Oly Ala Gly Qly Asn Ala Ala Asn Ser 
260 265 270 


Qlu He Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Qlu Cys Arg Arg 
305 310 315 320 

Lys Lys Lys Glu Tyr He Lys Cys Leu Glu Asn Arg Val Ala Val Ijeu 
325 330 335 


(2) INFORMATION FOR SEQ ID H0:3: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 54 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 

Arg Lys Arg Glu He Arg Leu Gin Lys Asn Arg Glu Ala Ala Arg Glu 
15 10 15 

Cys Arg Arg Lys Lys Lys Glu Tyr He Lys Cys Leu Glu Asn Arg Val 
20 25 30 

Ala Val Leu Glu Asn Gin Asn Lys Ala Leu He Glu Glu Leu Lys Ser 
35 40 45 

Leu Lys Glu Leu Tyr Cys 
50 

(2) INFORMATION FOR SEQ ID N0:4: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 54 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: peptide 
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(xi) SEOOBMCB DBSCRIFTXCXN: SBQ ID MO:4: 

Arg Ly» Arg Glu Val Arg Leu Net Lya Asn Arg Glu Ale Ala Arg Glu 
15 10 IS 

Cy« Arg Arg Lye Lye Lye Qlu Tyr V«l Lye Cye Leu Glu Aan Arg Val 
20 25 30 

Ala Val Leu Glu Aan Gin Aan Lya Thr Leu lie Glu Glu Leu Lys Ala 
35 40 45 

Leu Lya Asp Leu Tyr Cys 
50 

(2) INFORMATION FOR SBQ ID N0:5: 

(i) SBOOBNCE CBARACTSRISTXCS : 

(A) LSNGTB: 54 amino acids 

(B) TYPBs anino acid 

(C) STRANDEDMBSS: 

(D) TOPOLOGY: linear 

(ii) MOLBCDLB TYPE: peptide 

(xi) SBQDBNCB DBSCRXPTXQN: SBQ ID N0:5: 

Arg Lys Arg Glu Leu Arg Leu Met Lys Asn Arg Glu Ala Ala Arg Glu 
15 10 15 

cys Arg Arg Lys Lys Lys Glu Tyr Val Lys Cys hmx Glu Asn Arg Val 

20 25 30 

Ala Val Leu Glu Asn Gin Asn Lys Thr Leu lie Glu Glu Leu Lys Ala 
35 40 45 

Leu Lys Asp Leu Tyr Cys 

50 

(2) INFORMATION FOR SBQ ID NO:«: 

(A) LBMQTH: 54 amino acids 


(ii) MOLBCDLB TYFB: peptide 

(xi) SBQDBNCB OBSCRIPTION: SBQ ID N0:6: 

Leu Lys Arg Glu lie Arg Leu Met Lys Asn Arg Glu Ala Ala Arg Glu 

15 10 15 

Cya Arg Arg Lys Lys Lys Glu Tyr Val Lys Cys Leu Glu Asn Arg Val 
20 25 30 

Ala Val Leu Glu Asn Gin Asn Lys Thr Leu lie Glu Glu Leu Lys Thr 
35 40 45 
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lieu Vya Asp Leu Tyr Ser 


(2) INFORMATION FOR SBQ ID NO: 7: 

(i) SEQOENCB C3IASACTBRISTXCS: 

(A) LENGTH: 798 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDBDNBSS: double 

(D) TOPOLOGY: linear 

(ii) MOLECOIiE TYPE: cI»IA 

<ix) FEATORE: 

(A) NAME/KEY: CDS 

(B) LOCATION: 1..798 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 7: 

ATG TTA CTC GGA OAA AAT ATO TTT TCT ACT TTC ACA TC6 TTA GAT OCT 
Met Leu Leu Gly Qlu Asn Met Phe Ser Thr Phe Thr Ser Leu Asp Ala 
15 10 xs 

OCT ACC OCT ACA ACC AAC ACC GOT OAA TTC TTA ATO AAT OAA TCT CCA 
Ala Thr Ala Thr Thr Asn Thr Qly Qlu Phe Leu Met Asn Glu Ser Pro 
20 25 30 

AGG CAA GAA QCC GGT GAC TTA ATO TTG GAT AGT CTG GAT TTC AAC ATT 
Arg Gin Glu Ala Gly Asp Leu Met Leu Asp Ser Leu Asp Phe Asn He 
35 40 45 

ATG GGC GAA AAC CTG GCA GAT GAT TTC CAG ACC TCG OCT TCA CCA GCT 
Met Gly Glu Asn Leu Ala Asp Asp Phe Gin Thr Ser Ala Ser Pro Ala 
50 55 £0 

TCG GAG GAC AAQ ATG ACT CCT TTC QTT GTT GAT ACC AAT GTT TTT GAA 
Ser Glu Asp Lys Met Thr Pro Phe Val Val Asp Thr Asn Val Phe Glu 
65 70 75 80 

TCC GTC TTC AAG AAC ACC GAA GAT ACC CTT CTA GGA GAT ATC GAC AAT 
Ser Val Phe Lys Asn Thr Glu Asp Thr Leu Leu Gly Asp He Asp Asn 
65 90 95 

GTT GGT ATT GTT GAC ACQ GAG TTG AAG GAG ATO TTC GAT TTG GTT GAC 
Val Gly He Val Asp Thr Glu Leu Lys Glu Met Phe Asp Leu Val Asp 
100 105 110 

TCG GAA ATC AAT AAC GGC ACT CCT ATC AAG CAG GAA GAA AAG GAT GAT 
Ser Glu He Asn Asn Gly Thr Pro He Lys Gin Glu Glu Lys Asp Asp 
115 120 125 

TTG GAA TTT ACT TCA AGA TCC CAG TCC ACC TCA GCT CTC TTG TCG TCG 
Leu Glu Phe Thr Ser Arg Ser Gin Ser Thr Ser Ala Leu Leu Ser Ser 
130 135 140 

AAA TCG ACT TCT GCT TCT CCA GCT GAT GCT GCC GCT GCA TGT GCA AGT 
Lys Ser Thr Ser Ala Ser Pro Ala Asp Ala Ala Ala Ala Cys Ala Ser 
145 150 155 ISO 
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CCT TCG TCA TCW TCT TOT AAA AQA TCC TAT TCT TCT OCT CAO CTA OAA. 
Pro S«r S«r Ser Ser Cy» Ly« Arg S«r Tyr Ser Ser Ala Oln Leu Glu 
165 170 175 

ACTJJ^OOTTCOQATGCTCXaAAOAAA<»TA»aCTOaGCTO^ 
Thr Thr Oly S«r Asp Ala Pro Lys Ly« Asp Lys Leu Oly Cys Thr Pro 
1»0 185 190 

»C JJp AOA AAA CaO AOA AAC AAT CCA TTA CCT COT GTC ATT CCA ^ 
Tyr Thr Arg Lys Oln Arg Asn Asn Pro Leu Pro Pro Val lie Pro Lys 
195 200 205 

OOTCAOOATOTTGCTTCTATaAAAAOOOCAAflAAACACTGAaOCCOCA 
Oly Oln Asp Val Ala Ser Met Lys Arg Ala Arg Asn Thr Olu Ala Ala 
210 215 220 

AGA AOA TCA AOA OCC AOA AAA ATO OAA ASA ATG TCC CAA CTT OAA GAA 
Arg Arg Ser Arg Ala Arg Lys Net Glu Arg Met Ser Oln Leu Qlu Olu 
225 230 235 240 

AAO TOT CAA AOC TTG TTG AAO OAA. AAC OAC OAC TTO AAA OCT CAA OTT 
Lys Cys Oln Ser Leu Leu Lys Olu Asn Asp Asp Leu Lys Ala Oln Val 
245 250 255 

CAA OCT TTO AAO AAA TTA CTT OOA CAA CAA 
Oln Ala Zieu Lys Lys Leu Leu Oly Oln Oln 
260 265 

(2) IN70RMATI0N FOR SSQ ID 110:8: 

(i) SBQOBNCE CHARACTERISTICS: 

(A) LBNOTH: 266 amino acids 

(B) TYPE: amino acid 
(X» TOPOLOOY: linear 

<ii) MOLECULE TYPE: protein 

(xi) SEQDBNCB DBSCRIPTKW : SEQ ID NO: 8: 


Met 

1 

Leu 

Leu 

Oly 

Olu 
5 

Asn 

Met 

Phe Ser Thr Phe 

10 

Thr 

Ser Leu Asp Ala 

15 

Ala 

Thr 

Ala 

Thr 
20 

Thr 

Asn 

Thr 

Oly Glu Phe Leu 
25 

Met . 

Asn Olu Ser Pro 
30 

Arg 

Gin 

Olu 
35 

Ala 

Oly 

Asp 

Leu 

Met Leu Asp Ser 
40 

Leu . 

Asp Phe Asn He 
45 

Met 

Oly 
50 

Olu 

Asn 

Leu 

Ala 

Asp 

55 

Asp Phe Oln Thr 

Ser Ala Ser Pro Ala 

60 

Ser 

65 

Qlu 

Asp 

Lys 

Met 

Thr 
70 

Pro 

Phe Val Val Asp 

75 

Thr . 

fLun Val Phe Olu 
80 

Ser 

Val 

Phe 

Lys 

Asn 
85 

Thr 

Olu 

Asp Thr Leu Leu 
90 

Oly . 

ivsp He Asp Asn 
95 

Val 

Oly 

He 

Val 

100 

Asp 

Thr Olu 

Leu Lys Glu Met 
105 

Phe J 

lUip Leu Val Asp 
110 
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Ser Qlu lie Asn Asn Qly Thr Pro He Lys Oln Qlu Qlu Lys Asp Asp 
115 120 125 

Leu Glu Phe Thr Ser Arg Ser Qln Ser Thr Ser Ala Leu Leu Ser Ser 
130 135 140 

Lys ser Thr Ser Ala Ser Pro Ala Asp Ala Ala Ala Ala Cys Ala Ser 

"5 ISO 155 3^50 

Pro Ser Ser Ser Ser Cys Lys Arg Ser Tyr Ser Ser Ala Gin Leu Olu 
170 175 

Thr Thr Qly Ser Asp Ala Pro Lys Lys Asp Lys Leu Qly Cys Thr Pro 


Tyr Thr Arg Lys Qln Arg Asn Asn Pro Leu Pro Pro Val He Pro Lye 
195 200 205 

Qly Gin Asp val Ala Ser Met Lys Arg Ala Arg Asn Thr Qlu Ala Ala 
210 215 220 

Arg Arg Ser Arg Ala Arg Lys Met Glu Arg Met Ser Gin Leu Glu Glu 
225 230 235 240 

Lys Cys Gin Ser Leu Leu Lys Glu Asn Asp Asp Leu Lys Ala Gin Val 
2«5 250 255 

Gin Ala Leu Lys Lys Leu Leu Qly Qln Qln 
260 265 


(2) INFORMATION FOR SEQ ID N0:9: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1350 amino acids 

(B) TYPE: amino acid 
<C) STRANDEDNESS : 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: protein 


(Xi) SEQOZNCE DESCRIPTION: SEQ ID NO: 9: 

Met Ser Gin His Phe Thr Ser He Phe Glu Asn Leu Arg Phe Val Thr 
15 10 15 

He Lys Arg Ala Thr Asn Ala Gin Gin Gin Gin Gin Gin Gin Gin Gin 
20 25 30 

Gin Gin Leu Gin Qln Gin Qln Qln Gin Leu Gin Qln Gin Lys Ala Gin 
35 40 45 

Thr Gin Gin Qln Asn Ser Arg Lys He Lys Thr Gin Ala Thr Pro Thr 
50 55 60 

Leu Asn Gly Asn Oly Leu Leu Ser Qly Asn Pro Asn Qly Qly Qly Gly 
65 70 75 80 

Asp Ser Ser Pro Ser His Qlu Val Asp His Pro Qly Qly Ala Gin Gly 
85 90 95 
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Ala Oln Ala Ala Qly Gly Leu Pro Ser Leu Ser Oly Thr Pro Leu Ar« 
l"" 105 no 

Hi. Hi. Ly. Axg Ala Ser He Ser Thr Ala Ser Pro Pro He Arg Glu 

lis 120 

Arg Arg Oly Thr A.n Thr Ser He Val Val Olu Leu Asp Oly Ser oly 

ser Oly Ser Oly Ser Oly Oly oly Oly Val Oly Val Oly Oln Oly Ala 
"® 150 155 ' j^gQ 

Oly Cya Pro Pro Ser Oly Ser Cya Thr Ala Ser Oly Lya Ser Ser Arg 
"5 170 175 

Olu Leu Ser Pro Ser Pro Lya Aan Oln Oln Oln Pro Arg Lys Met Ser 
185 

Oln Asp Tyr Arg Ser Arg Ala Oly Ser Phe Met Hia Leu Asp Asp Olu 
200 205 

Oly Arg Ser Leu Leu Met Arg Lys Pro Met Arg Leu Lys Asn He Olu 
215 220 

Oly Arg Pro Olu Val Tyr Asp Thr Leu His Cys iys Oly Arg Olu He 
230 235 240 

Leu Ser Cys Ser Lys Ala Thr Cys Thr Ser Ser He Met Asn He Gly 

245 250 255 

Asn Ala Ala Val Olu Ala Arg Lys Ser Asp Leu He Leu Glu His Ala 
265 270 . 

Lys Asp Phe Leu Olu Oln Tyr Phe Thr Ser He Lys Arg Thr Ser Cys 
275 280 285 

^' Arg Trp Lys Oln Val Arg Oln Ser He Olu Thr 

290 295 300 

Thr Oly His Tyr Oln Leu Thr Olu Thr Glu Leu He Tyr Gly Ala Lya 


Leu Ala Trp Arg Asn Ser Ser Arg Cys He Gly Arg He Gin Tip Ser 
325 330 335 

Lys Leu Oln Val Phe Asp Cys Arg Tyr Val Thr Thr Thr Ser Gly Met 
340 345 350 

Phe Olu Ala He Cys Asn His He Lys Tyr Ala Thr Aan Lys Gly Asn 
3S5 360 365 

Leu Arg Ser Ala He Thr He Phe Pro Oln Arg Thr Asp Ala Lys His 
370 375 380 

Asp Tyr Arg He Trp Asn Asn Oln Leu He Ser Tyr Ala Oly Tyr Lys 
385 390 395 400 

Oln Ala Asp Oly Lys He He Oly Asp Pro Met Asn Val Glu Phe Thr 
405 410 415 

Olu Val Cys Thr Lys Leu Oly Trp Lys Ser Lys Oly Ser Olu Trp Asn 
420 425 430 
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He Leu Pro l*u Val Val Ser Ala A.n aiy His A«p Pro Asp Tyr Phe 
440 445 

Asp Pro Pro Glu Leu He Leu Glu Val Pro Leu Thr Hi. Pro Lvb 
455 ' 

Phe Glu Trp Phe Ser Asp Leu Gly Leu Arg Trp Tyr Ala Leu Pro Ala 

475 480 

val ser Ser Met Leu Phe Asp Val Gly Gly He Gin Phe Thr Ala Thr 
4"5 490 495 

Thr Phe ser Gly Trp Tyr Met Ser Thr Glu He Gly Ser Arg Asn Leu 
500 S05 510 

Cya Asp Thr Asn Arg Arg Asn Met Leu Glu Thr Val Ala Leu Lys Met 
515 520 525 

Gin Leu Asp Thr Arg Thr Pro Thr Ser Leu Trp Lys Asp Lys Ala Val 
5*0 535 5^Q 

val Glu Met Asn He Ala Val Leu His Ser Tyr Gin Ser Arg Asn Val 
550 555 560 

Thr He Val Asp His Hie Thr Ala Ser Glu Ser Phe Met Lys His Phe 
565 570 575 

Glu Asn Glu Ser Lys Leu Arg Asn Gly Cys Pro Ala Asp Trp He Trp 
580 585 590 

He Val Pro Pro Leu Ser Gly Ser He Thr Pro Val Phe His Gin Glu 
595 600 605 

Met Ala Leu Tyr Tyr Leu Lys Pro Ser Phe Glu Tyr Gin Asp Pro Ala 
610 615 620 

Trp Arg Thr His Val Trp Lys Lys Gly Arg Gly Glu Ser Lys Gly Lys 

625 tiin fie 


Lys Pro Arg Arg Lys Phe Asn Phe Lys Qln He Ala Arg Ala Val Lys 
645 650 655 

Phe Thr Ser Lys Leu Phe Gly Arg Ala Leu Ser Lys Arg He Lys Ala 
660 665 670 

Thr Val Leu Tyr Ala Thr Glu Thr Gly Lys Ser Glu Gin Tyr Ala Lvs 
675 680 685 

Gin Leu Cys Glu I^u Leu Gly His Ala Phe Asn Ala Gin He Tvr Cvo 
690 695 700 

Met Ser Asp Tyr Asp He Ser Ser He Glu His Glu Ala Leu Leu He 
705 710 715 720 

Val Val Ala Ser Thr Phe Gly Asn Gly Asp Pro Pro Glu Asn Gly Glu 
725 730 735 

Leu Phe Ser Gin Glu Leu Tyr Ala Met Arg Val Gin Glu Ser Ser Glu 
740 745 750 

His Gly Leu Gin Asp Ser Ser He Gly Ser Ser Lys Ser Phe Met Lys 
755 760 765 
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Al. Ser Ser Arg Qln Qlu Phe Met Lye Leu Pro Leu Gin Gin Vel Lye 
775 780 

Arg lie Aep Arg Trp Asp Ser Leu Arg 61y Ser Thr Ser Asp Thr Phe 
790 795 800 

Thr Olu Olu Thr Phe aiy Pro Leu Ser Asn Val Arg Phe Ale Vel phe 
805 810 815 

Ale Leu Oly Ser Ser Ale Tyr Pro Asn Phe Cys Ala Phe Oly Gin Tyr 
•20 825 830 

Val Asp Asn lie Leu Qly olu Leu Oly Oly Olu Arg Leu Leu Arg Val 
840 845 

^* In *^ ""^ Cy» Oly Oln Olu Oln Ser Phe Arg Lys Trp 
•50 855 860 

Ale Pro Olu Val Phe Lys Leu Ala Cys Olu Thr Phe Cys Leu Asp Pro 
^fO 875 880 

Olu Olu Ser Leu Ser Asp Ala Ser Leu Ala Leu Oln Asn Asp Ser Leu 
885 890 895 

Thr v.l Asn Thr Val Arg Leu Val Pro Ser Ala Asn Lys Oly Ser Leu 
300 905 910 

Asp Ser Ser Leu Ser Lye Tyr His Asn Lys Lys Val His Cys Cys Lys 

915 920 925 

Ala Lys Ala Lys Pro His Asn Leu Thr Arg Leu Ser Olu Oly Ala Lys 
930 935 940 

Tbr Thr Met Leu Leu Olu lie Cys Ala Pro Oly Leu Qlu Tyr Olu Pro 
950 955 960 

Oly Asp His Val Gly He Phe Pro Ala Asn Arg Thr Glu Leu Val Asp 
9fi5 970 975 *^ 

Qly Leu Leu Asn Arg Leu Val Oly Val Asp Asn Pro Asp Olu Val Leu 
980 985 990 

Oln Leu Oln Leu Leu Lys Olu Lys Oln Thr Ser Asn Oly He Phe Lys 
995 1000 1005 

Cys Trp Olu Pro His Asp Lys He Pro Pro Asp Thr Leu Arg Asn Leu 
1010 1015 1020 

Leu Ala Arg Phe Phe Asp Leu Thr Thr Pro Pro Ser Arg Gin Leu Leu 
1025 1030 1035 1040 

Thr Leu Leu Ala Oly Phe Cys Olu Asp Thr Ala Asp Lys Glu Arg Leu 
1045 1050 1055 

Qlu Leu Leu Val Asn Asp Ser Ser Ala Tyr Olu Asp Trp Arg His Trp 
1060 1065 1070 

Arg Leu Pro His Leu Leu Asp Vel Leu Olu Olu Phe Pro Ser Cys Arg 
1075 1080 1085 

Pro Pro Ala Pro Leu Leu Leu Ala Oln Leu Thr Pro Leu Gin Pro Ara 
1090 1095 1100 
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Phe Tyr Ser He Ser Ser Ser Pro Arg Arg V.l Ser Asp Glu He His 

1115 1120 
Leu Thr V«l Ala Il« Val Lya Tyr Arg Cys Glu A«p Gly Gin Gly Asp 

1130 1135 
Glu Arg Tyr Gly Val Cys Ser Asn Tyr Leu Ser Gly Leu Arg Ala Asp 
1145 1150 

Asp Glu l*u Phe Met Phe Val Arg Ser Ala Leu Gly Phe His Leu Pro 
"S5 1160 1165 

Ser Aap Arg Ser Arg Pro He He Leu He Gly Pro Gly Thr Gly He 
1170 1175 IIBO 

Ala Pro Phe Arg Ser Phe Trp Gin Glu Phe Gin Val Leu Arg Asp Leu 
IISO 1195 ^ 1200 

Asp Pro Thr Ala Lys Leu Pro Lys Met Trp Leu Phe Phe Gly Cys Arg 
1205 1210 ' 1215 ^ 

Asn Arg Asp Val Asp Leu Tyr Ala Glu Glu Lys Ala Glu Leu Gin Lys 
"20 1225 1230 

Asp Gin lie Leu Asp Arg Val Phe Leu Ala Leu Ser Arg Glu Gin Ala 
1235 1240 1245 

^ Ol" Gin Glu Phe Asp Ser 

*250 1255 1260 

Leu Tyr Gin Leu He Val Gin Glu Arg Gly His He Tyr Val Cys Gly 
1265 1270 1275 1280 

Asp Val Thr Net Ala Glu His Val Tyr Gin Thr He Arg Lys Cys He 
1285 1290 1295 

Ala Gly Lys Glu Gin Lys Ser Glu Ala Glu Val Glu Thr Phe Leu Leu 
1300 1305 1310 

Thr Leu Arg Asp Glu Ser Arg Tyr His Glu Asp He Phe Gly He Thr 
1315 1320 1325 

Leu Arg Thr Ala Glu He His Thr Lys Ser Arg Ala Thr Ala Aro He 
1330 1335 1340 


(2) INFORMATION FOR SEQ ID NO: 10: 

(i) SEQOENCE CHARACTERISTICS: 

<A) LENGTH: 1205 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNBSS : 

(D) TOPOLOGY: linear 


(ii) MOLBCOLB TYPE: protein 
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(xl) SBODKHCB DBSC3tIPTX0N: SBQ ID NO: 10: 

Met Oly Asn Leu Lys Ser V«l aiy oin Olu Pro Oly Pro Pro Cys Gly 
* 5 10 15 

Leu Oly hmi Oly Leu Oly Leu Oly Leu Cys Oly Ly. Oln Oly Pro Ala 
'° 25 30 

Ser Pro Ala Pro Glu Pro Ser Arg Ala Pro Ala Pro Ala Thr Pro His 
35 40 45 

Ala Pro Aep His Ser Pro Ala Pro Asn Ser Pro Thr Leu Thr Arg Pro 
50 55 60 

Pro Olu Oly Pro Lys Phe Pro Arg Val Lys Asn Trp Olu Leu Oly Ser 

lie Thr Tyr Asp Thr Leu cys Ala Oln Ser Oln Oln Asp Oly Pro Cys 
85 90 j5 

Thr Pro Arg Arg Cys Leu Oly Ser Leu Val Leu Pro Arg Lys Leu Oln 
105 no 

Thr Arg Pro Ser Pro Gly Pro Pro Pro Ala Olu Oln Leu Leu Ser Oln 
115 X20 125 

Ala Arg Asp Phe He Asn Oln Tyr Tyr Ser Ser He Lys Arg Ser Oly 
135 140 

Ser Gin Ala His olu olu Arg Leu Oln Olu Val Olu Ala Glu Val Ala 
145 150 155 

Ser Thr Gly Thr lie His Leu Arg Glu Ser Olu Leu Val Phe Gly Ala 
170 175 

Lys Gin Ala Trp Arg Asn Ala Pro Arg Cys Val Oly Arg He Oln Trp 
180 las 190 

Oly Lys Leu Oln Val Phe Asp Ala Arg Asp Cys Ser Ser Ala Oln Olu 
*»5 200 205 

Met Phe Thr Tyr He Cys Asn His He Lys Tyr Ala Thr Asn Arg Gly 
210 215 220 

Asn Leu Arg Ser Ala He Thr Val Phe Pro Oln Arg Ala Pro Gly Arg 
225 230 235 ' 240 

Gly Asp Phe Arg He Trp Asn Ser Oln Leu Val Arg Tyr Ala Oly Tyr 
245 250 255 

Arg Oln Gin Asp Oly Ser Val Arg Oly Asp Pro Ala Asn Val Qlu He 
260 265 270 

Thr Olu Leu Cys He Oln His Oly Trp Thr Pro Oly Asn Oly Arg Phe 
275 280 285 

Asp Val Ijeu Pro Leu Leu Leu Gin Ala Pro Asp Glu Ala Pro Glu Leu 
290 295 300 

Phe Val Leu Pro Pro Olu Leu Val Leu Olu Val Pro Leu Oly Ala Pro 
305 310 315 


320 
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Hl8 Thr aiy Val 

Ala Val Ser Asn 
340 

Ala Pro Phe Ser 
355 

Leu Cys Asp Pro 
370 

Met Aap Leu Asp 
385 

Ala Val Qlu He 

Val Thr He Val 
420 

Leu Asp Asn Glu 
435 

Trp He Val Pro 
450 

Glu Met Val Asn 
465 

Pro Trp Lys Oly 

Thr Phe Lys Glu 
500 

Qly Thr Leu Met 
515 

Glu Thr Gly Arg 
530 

Arg Lys Ala Phe 
545 

Val Ser Leu Glu 

Gly Asn Gly Asp 


Val Arg Qly Pro Gly Leu Arg Trp Tyr Ala Leu Pro 
325 330 335 

Met Leu Leu Glu He Gly Gly Leu Glu Phe Ser Ala 
345 350 

Gly Trp Tyr Met Ser Thr Glu He Gly Thr Arg Asn 
360 365 

His Arg Tyr Asn He Leu Glu Asp Val Ala Val Cys 
375 360 

Thr Arg Thr Thr Ser Ser Leu Trp Lys Asp Lys Ala 
390 395 400 

Asn Leu Ala Val Leu His Ser Phe Gin Leu Ala Lys 
405 410 415 

Asp His His Ala Ala Thr Val Ser Phe Met Lys His 
425 430 

Gin Lys Ala Arg Oly Gly Cys Pro Ala Asp Trp Ala 
440 445 

Pro He Tyr Gly Ser Leu Pro Pro Val Phe His Gin 
455 460 

Tyr Zle Leu Ser Pro Ala Phe Arg Tyr Gin Pro Asp 
470 475 480 

Ser Ala Thr Lys Gly Ala Gly He Thr Arg Lys Lys 
485 490 495 

Val Ala Asn Ala Val Lys He Ser Ala Ser Leu Met 
505 510 

Ala Lys 
Ala Gin 


1 Ala Leu Val Leu Val Val Thr Ser Thr Phe 

570 575 


Met Glu I 


• Tyr Lys 

I 

: Ser Trp 


Gly Pro "i 
He Arg 1 


Ala Gly Ala Leu C 
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Arg Ala 

Lau Qlu ( 


Ala Ala Qln Asp ] 

Tyr Axg Imx Sar 
740 

He Hi* Val Bia 

755 

Qlu Asn lieu Qln 
770 

lieu Asp Tbr Ala 
785 

Ha Gly He Ser 

Ser Arg Val Glu 
820 

Gin Leu Glu Lya 
835 

Asp Pro Arg Leu 
850 

Leu Asp He Thr 
865 

Ala Glu 


> Hla Phe Cys Ala Phe Ala Arg Ala Val Asp Thr Arg 

» 665 670 

I Gly Gly Glu Arg Leu Leu Gin Leu Gly Qln Oly Asp 
680 685 

' Gin Glu Glu Ala Phe Arg Gly Tip Ala Lys Ala Ala 
695 700 

r Cya Glu Thr Phe Cys Val Gly Glu Glu Ala Lys Ala 
710 715 720 

t Ser Pro Lys Arg Ser Trp Lys Arg Gin Arg 
730 735 


Ala Qln 
Arg Arg 
Ser Ser 


Ala Glu Gly Leu Gin Leu Leu Pro Gly Leu 
745 750 


1 Glu Gly Leu Gin Tyr Gin Pro Gly Asp His 
> 795 800 


Asp Pro 1 

Gly Ser 1 
Pro Pro ( 


> Pro Ser Pro Arg Leu Leu Arg X<eu Leu Ser 

> 875 880 


Thr Leu 
Gin Asp 


Val Leu 
Val Cys 


Leu Thr 
Ala Pro 
Ala Tyr 


Arg Tyr 
Leu Glu 
Gin Leu 

Asn Ala 

950 


Glu Glu Trp Lys Leu Val Arg Cys Pro Thr 
905 910 
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Cya Phe lie Arg Qly Ala Pro Ser Phe Arg Leu Pro Pro Asp Pro Tyr 
995 1000 1005 

Val Pro Cyu lie Leu Val Oly Pro Oly Thr Oly lie Ale Pro Phe Arg 
1010 1015 1020 

Oly Phe Trp Gin Glu Arg Leu His Asp He Olu Ser Lys Oly Leu Gin 
1025 1030 1035 1040 

Pro His Pro Met Thr Leu Val Phe Gly Cys Arg Cya Ser Gin Leu Asp 
1045 1050 1055 

Bis Leu Tyr Arg Asp Glu Val Gin Asp Ala Gin Glu Arg Gly Val Phe 
1060 1065 1070 

Gly Arg Val Leu Thr Ala Phe Ser Arg Glu Pro Asp Ser Pro Lys Thr 
1075 1080 1085 

Tyr Val Gin Asp He Leu Arg Thr Glu Leu Ala Ala Glu Val His Arg 
1090 1095 1100 

Val Leu Cys Leu Glu Arg Gly His Met Phe Val Cys Gly Asp Val Thr 
1105 1110 1115 1120 

Met Ala Thr Ser Val Leu Gin Thr Val Gin Arg He Leu Ala Thr Glu 
1125 1130 1135 

Gly Asp Met Glu Leu Asp Glu Ala Gly Asp Val He Gly Val Leu Arg 
1140 1145 1150 

Asp Gin Gin Arg Tyr His Glu Asp He Phe Gly Leu Thr Leu Arg Thr 
1155 1160 1165 

Gin Glu Val Thr Ser Arg He Arg Thr Gin Ser Phe Ser Leu Gin Glu 
1170 1175 1180 

Arg Bis Leu Arg Gly Ala Val Pro Trp Ala Phe Asp Pro Pro Gly Pro 
1185 1190 1195 1200 

Asp Thr Pro Qly Pro 
1205 


(2) 1N70RMAT1CMJ FOR SEQ ID N0:11: 

(1) SEQOENCE CHARACTERISTICS: 

(A) LENGTH: 1429 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS : 
<D) TOPOLOGY: linear 

(ii) MOLECDLE TYPE: protein 


(Xi) SBQOEHCB DBSCRXPTXON: SEQ ID N0:11: 

Met Glu Glu Asn Thr Phe Gly Val Gin Gin He Gin Pro Aan Val He 

15 10 15 

Ser Val Arg Leu Phe Lys Arg Lys Val Gly Oly Leu Gly Phe Leu Val 
20 25 30 
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Uya Olu 

Oly Qly 
50 

Leu Ala 

65 

Leu Olu 
I<eu Arg 
Oly Ump 


Arg Val Ser 

35 

Ale Ale Olu 

Vel Aan Aap 

Vel Leu Arg 
85 


Lye Pro 

Oln Ser 

55 

Arg Pro 
70 

Oly lie 
Oly Phe 
Lye Thr 


-Ill- 
Pro vel 
40 

Oly I<eu 
Leu Vel 


Xle lie Ser Aap Leu lie Arg 
45 

lie Oln Ala Oly Aap lie He 
60 

Aap Leu Ser Tyr Aap Ser Ale 
75 80 

Olu Itar Hia Val Val Leu Xle 


90 


95 


: Lya Ala Val i 

» 

: Leu Ala Val 1 


Oly Val 1 
Aap Xle < 


I Oly Oln 

i 

» Pro Thr 
I Aap Olu 


Val tbx 
Oly Ala 


Oly Leu Oly Aan Oly Pro Oln 
155 160 


! Leu Aan Ser ( 


200 
r Lya Ala 1 


Oly Lya i 
Phe Aan i 
Pro Tyr I 


I Ala Pro I 
> Oly Lya J 
I Olu Oln i 


I Oly Oly Aap Aan Aap Arg Val 
250 255 


I Aan Oly Ser I 

) 

> Glu Thr Asp ^ 


r Cys Thr 

i 

I Thr Arg 
t Ala Lya 


Arg Cya 1 
Leu Thr i 
Olu Hia ] 


wo 96/11270 


PCTAJS9S/13198 


lie Lys Arg Phe Gly Ser Lys Ala His Met Aap Arg I^eu 61u Glu Val 
370 375 380 


Ala Asn Val Gin Phe Thr Glu lie Cys lie Gin Gin Gly Trp Lys Ala 

500 505 510 

Pro Arg Gly Arg Phe Aap Val Leu Pro Leu Leu Leu Gin Ala Asn Gly 

515 520 525 

Asn Asp Pro Glu I<eu Phe Gin lie Pro Pro Glu Leu Val I<eu Glu Val 

530 535 540 

Pro He Arg His Pro Lys Phe Asp Trp Phe Lys Asp Lmxi Gly Leu Lys 

545 550 555 560 


Leu Glu Phe Ser Ala Cys Pro Phe Ser Gly Trp Tyr Met Gly Thr Glu 
580 585 590 

He Gly Val Arg Asp Tyr Cys Asp Asn Ser Arg Tyr Asn He Leu Glu 
595 600 605 

Glu Val Ala Lys Lys Met Asp Leu Asp Met Arg Lys Thr Ser Ser Leu 
610 61S 620 


Phe Gin Ser Asp Lys Val Thr He Val Asp His His Ser Ala Thr Glu 
645 650 655 

Ser Phe He Lys His Met Glu Asn Glu Tyr Arg Cys Arg Gly Gly Cys 
660 £65 670 

Pro Ala Asp Trp Val Trp He Val Pro Pro Met Ser Gly Ser He Thr 
675 680 685 

Pro Val Phe His Gin Glu Met Leu Asn Tyr Arg Leu Thr Pro Ser Phe 
690 69S 700 
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Olu Tyr Oln Pro Aap Pro Txp Aan Tbr Kis Val Tzp hym Gly Thr Asn 

705 7X0 715 720 

Gly Tbr Pro Thr Lys Arg Arg Ala lie Gly Phe Lys Lys Leu Ala Glu 

725 730 735 

Ala Val Lya Phe Ser Ala Lys Leu Het Gly Oln Ala Met Ala Lys Arg 
740 745 750 

Val Lys Ala Thr lie Leu Tyr Ala Thr Glu Thr Gly Lys Ser Gin Ala 
755 760 765 


Ala Het Ser Met Glu Glu Tyr Asp lie Val His Leu Glu His Glu Ala 
785 790 795 SCO 

I<eu Val Leu Val Val Thr Ser Thr Phe Gly Asn Gly Asp Pro Pro Glu 
805 810 815 

Asn Gly Olu Lys Phe Gly Cys Ala Leu Met Olu Met Arg His Pro Asn 
820 825 830 

Ser Val Oln Olu Glu Arg Lys Ser Tyr Lys Val Arg Phe Asn Ser Val 
835 840 845 


Arg Asp Asn Phe Glu Ser Thr Oly Pro Leu Ala Asn Val Arg Phe Ser 
865 870 875 880 

Val Phe Gly Leu Gly Ser Arg Ala Tyr Pro Bis Phe Cys Ala Phe Gly 
885 890 895 


Ala Pro Asp Leu Thr Oln Oly Leu Ser Asn Val Bis Lys Lys Arg Val 
980 985 990 


Ser Arg Ser Thr lie Phe Vail Arg I<eu His Thr Asn Oly Asn Gin Glu 
1010 1015 1020 

Leu Oln Tyr Oln Pro Gly Asp His Leu Oly Val Phe Pro Oly Asn His 
1025 1030 1035 1040 
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Pro Oly Thr Oly He Ala Pro Phe Arg S«r Phe Trp Gin Gin Arg Qln 
1250 12S5 1260 

Phe Asp He Gin Bis Lys Gly Met Asn Pro Cys Pro Met Val Leu Val 
1265 1270 1275 1280 

Phe Gly Cys Arg Gin Ser Lys He Asp His He Tyr Arg Glu Qlu Thr 
1285 1290 1295 

Leu Gin Ala Lys Asn Lys Gly Val Phe Arg Glu Leu Tyr Thr Ala Tyr 
1300 130S 1310 

Ser Arg Glu Pro Asp Arg Pro Lys Lys Tyr Val Qln Asp Val Leu Gin 
1315 1320 1325 

Glu Gin Leu Ala Qlu Ser Val Tyr Arg Ala Leu Lys Glu Gin Gly Gly 
1330 1335 1340 

His He Tyr Val Cys Gly Asp Val Thr Met Ala Ala Asp Val Leu Lys 
1345 13S0 1355 1360 
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(2) ZMFOSMATXON TOR SEQ TD NO: 12: 

(i) SBQOBHCE CHASACTRRISTICS : 

(A) LSNQTB: 1144 amino acids 

(B) TYPE: amino acid 

(C) STRAMDEDNESS: 

(D) TOPOLOGY : linaar 

(ii) MOLBCOLB TYPB: protein 

(xl) 8BQ0BNCB DBSCRXPTI(»I: SEQ ZD MO: 12: 

Met Ala Cya Pro Trp Lys Phe hsa Phe Lys Val Lys Ser Tyr Gin Ser 
15 10 15 

Asp Leu Lys Glu Glu Lys Asp lie Asn Asn Asn Val Lys Lys nor Pro 
20 25 30 

Cys Ala Val Leu Ser Pro Thr He Gin Asp Aap Pro Lys Ser His Gin 
35 40 45 

Asn Gly Ser Pro Gin lieu hmi Thr Gly Thr Ala Gin Asn Val Pro Glu 
50 55 60 

Ser Leu Asp Lys liSu Bis Val Thr Ser Thr Arg Pro Gin Tyr Val Arg 
65 70 75 80 

He Lys Asn Trp Gly Ser Gly Glu He Leu His Asp Thr Leu His His 
85 90 95 

Lys Ala Thr Ser Asp Phe Thr Cys Lys Ser Lys Ser Cys Leu Gly Ser 
100 105 110 

He Met Asn Pro Lys Ser Leu Thr Arg Gly Pro Arg Asp Lys Pro Thr 
115 120 125 

Pro Leu Glu Glu Leu I<eu Pro His Ala He Glu Phe He Asn Gin Tyr 
130 135 140 

Tyr Gly Ser Phe Lys Glu Ala Lys He Glu Glu His Leu Ala Arg Leu 
145 ISO 155 160 

Glu Ala Val Thr Lys Glu He Glu Thr Thr Gly Thr Tyr Gin Leu Thr 
165 170 175 

Leu Aap Glu Leu He Phe Ala Thr Lys Met Ala Trp Arg Asn Ala Pro 
180 185 190 
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Xle VBu Tyr Ala Thr Asn Asn Gly Asn lie Arg Ser Ala lie Thr Val 
225 230 235 240 


Ala Ser Glu Ser Phe Met Lys His Het Gin Asn Glu Tyr Arer Ala Arg 
435 440 445 

Qly Qly Cya Pro Ala Asp Trp lie Trp Leu Val Pro Pro Val Ser Gly 
450 455 460 

Ser lie Thr Pro Val Phe His Gin Glu Met lieu Asn Tyr Val Leu Ser 
465 470 475 480 


Aan Glu Lys Leu Arg Pro Arg Arg Arg Glu He Arg Phe Arg Val Leu 
500 505 510 
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r Thr Phe < 
I S«r X>eu I 
! Gly I 


r Trp Ala ^ 
r Ser Lys I 
r Trp Olu 1 


> Leu 1 


715 


t Leu Asp ] 
I Axg Phe J 
I Oln Pro i 
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Trp Lya Phe Ser Aan Asn Pro Thr Phe Leu Qlu Val Leu Glu Qlu Phe 
865 S70 B75 880 

Pro Ser Leu Hie V«l Pro Ala Ala Phe Leu Leu Ser Qln Leu Pro lie 
885 890 895 

Leu Lya Pro Arg Tyr Tyr Ser lie Ser Ser Ser Gin Aap His Thr Pro 
900 90S 910 

Ser Glu Val Bis Leu Thr Val Ala Val Val Thr Tyr Arg Thr Arg Asp 
915 920 925 

Gly Qln Gly Pro I<eu Hie Hie Qly Val Cys Ser Thr Trp He Arg Aan 
930 935 940 

Leu Lys Pro Gin Asp Pro Val Pro Cys Phe Val Arg Ser Val Ser Gly 
945 950 955 960 

Phe Gin Leu Pro Glu Asp Pro Ser Gin Pro Cys He Leu He Gly Pro 
965 970 975 

Gly Thr Gly He Ala Pro Phe Arg Ser Phe Trp Gin Qln Arg Leu His 
980 985 990 

Asp Ser Gin His Lys Gly Leu Lya Qly Gly Arg Met Ser Leu Val Phe 
995 1000 1005 

Gly Cys Arg His Pro Glu Glu Asp His Leu Tyr Gin Qlu Qlu Met Qln 
1010 1015 1020 

Glu Met Val Arg Lys Arg Val Leu Phe Qln Val His Thr Gly Tyr Ser 
1025 1030 1035 1040 

Arg Leu Pro Gly Lys Pro Lys Val Tyr Val Gin Asp He Leu Gin Lys 
1045 1050 1055 

Gin lieu Ala Asn Glu Val Leu Ser Val Leu His Gly Glu Qln Gly His 
1060 1065 1070 

Leu Tyr He Cys Gly Asp Val Arg Met Ala Arg Asp Val Ala Thr Thr 
1075 1080 1085 

Leu Lys Lys Leu Val Ala Thr Lys Leu Asn Leu Ser Qlu Qlu Gin Val 
1090 1095 1100 

Glu Asp Tyr Phe Phe Gin Leu Lys Ser Gin Lys Arg Tyr His Glu Asp 
1105 1110 1115 1120 

He Phe Gly Ala Val Phe Ser Tyr Gly Ala Lys Lys Gly Ser Ala lieu 
1125 1130 1135 

Qlu Glu Pro Lys Ala Thr Arg Leu 
1140 


(2) INFORMATION FOR SEQ ID NO: 13: 

(i) SEQtlENCE CHARACTERISTICS: 

(A) LENGTH: 20 amino acids 

(B) TYPE: amino acid 

(C) STRAMDBDNBSS: 

(D) TOPOLOGY: linear 
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(ii) MOLECOLE TYPE: p«ptid« 


(xi) SEQOENCB DESCRIPTZ(»I: SWQ TO NO: 13: 

Oly Asp Pro Ala Asn Val Glu Phe tbx Glu Zla Cys XI* Oln Qln Oly 
15 10 IS 

Trp LyB Pro Arg 


(2) INFORMATION FOR SEQ ZD NO: 14: 

(1) SEQUENCE CHARACTERISTICS: 

(A) LENQTH: 20 amino acids 

(B) TYPE: amino acid 

(C) STRANDBDNESS : 

(D) TOPOLOGY: linaar 

<ii) MOLECOLE TYPE: peptide 

(xi) SEOOENCE DESCRIPTION: SEQ ID NO: 14: 

Oly Asp Pro Met Asn Val Glu Phe Thr Glu Thr Val Ala Leu Lys Met 
IS 10 15 

Gin Leu Asp Tlir 
20 


(2) XNFORMATZON FOR SBQ ID NO: IS: 

(i) SEQOBNCB CHARACTERXSTZCS : 

<A) LENGTH: 20 amino acids 
(B) TYPE: amino acid 
<C) STRANDEDNESS: 
(D) TOPOLOGY: linear 

(ii) MOLECOLE TYPE: peptide 


(xi) SBQtraaiCE DESCRIPTION: SBQ ID NO: 15: 

Cys Asp Asn Ser Arg Tyr Asn He Leu Glu Glu Val Ala Lys Lys Met 
15 10 15 

Asp Leu Asp Met 

20 


(2) INFORMATION FOR SBQ ID N0:16: 

(i) SBQOBNCB CHARACTERISTICS: 

(A) LENQTH: 20 amino acids 

(B) TYPE: amino acid 

(C) STRANDEDNESS: 

(D) TOPOLOGY: linear 

(ii) MOLECOLE TYPE: peptide 
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(xl) SEQDBNCB DBSCRXPTZON: SBQ ZO MO: 16: 

Oly Asp Pro Ala Asn Val Qlu Phe Tbr Glu Glu Val Ala Lys Lys I 
15 10 15 

Asp Leu Asp Met 
20 

(2) INFORMATION FOR SEQ ID NO: 17: 

(i) SEQXJENCE CHARACTERISTICS: 

(A) LENGTH: S7 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(ii) MOLECOLB TYPE: DNA (genomic) 

(xi) SBOOBaTCE DBSCRXPTZON: SEQ ID N0:17: 
CGTCTAGATC TAT6ACTGAA TATGACGTAA TATSACGTAA TGQTACCAQA TCTQGCC 

(2} INFORMATION FOR SBQ ID NO: IB: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 41 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SBQ ID NO: 18: 
AAATGACGTA ACQGAAATGA CGTAACGGAA ATQAC6TAAC 6 

(2) INFORMATION FOR SEQ ID NO: 19: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 42 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: SNA (genomic) 


(xi) SEQUENCE DESCRZPTZON: SBQ ID MO: 19: 
AAATGAATTA ACGGAAATQA ATTAACGQAA ATGAATTAAC GO 

(2) INFORMATIC»? FOR SEQ ID NO: 20: 

(i) SBQUBMCE CHARACTERISTICS: 

(A) LENGTH: 81 base pairs 

(B) TYPE: nucleic acid 
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linrar 

(ii) N0L8CDUS TYPE: JXOi (genomic) 

(xi) SBQOENCB BBSCRIPTXaN: SEQ ID S0:20: 

TOCAcaacrrr ttcsacottc AcraoTAOTe TCTOAxaAOo ccqaaagocc GAAAcacaAT 60 

OCCaVTAACC ACXSiCGCTCA O 81 

(2) XHFORHHTION «m SEQ ZD N0:21: 

(i) SBQDENCB CRARACTBRZSTXCS : 

(A) LBNQTK: 100 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : double 

(D) TOPOLOOY: linear 

(il) HOLECOLB TYPE: DMA (genomic) 

(xi) SEQUENCE DESCRIPTZOI: SEQ ZD NO: 21: 
TCQACCCACA GTTTCGaGtTT TT0QA8CAA6 TCTGCTAQTG TCTGATSASQ CCOAAAGGCC 60 
OAAACGCOAA OCCXRATTGC ACCACGCTCA TaSAOAAOGC 100 

(2) ZNFQ8HATZ(»I FOR SEQ ZD NO:22: 


(A) LENSTH: 55 base pairs 

(B) TYPE: nucleic acid 

(D) TOPOLOGY: linear 
(ii) MOLECOLE TYPE: DNA (genomic) 

(xi) SBQDENCE DBSCRIPTZOli: SEQ ZD NO: 22: 
CTAGAGCTTO CAAOCATOCT TQCAAOCAAO CATGCTTQCA AGC31TGCTTS CAAOC 

(2) ZMFOSMATZON FOR SEQ ZD NO: 23 : 

(i) SEQOBNC S OB ARACTBRISTXCS : 

(A) LBNQTH: 34 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: double 

(D) TOPOLOGY: linear 

(11) MOLECOLE TYPE: DNA (genomic) 

(xi) SBQaBNCB DESCRIPTION: SEQ ZD NO: 23: 
CTCTAOASCG TACOCAAGCQ TACGCAAGCG TACQ 
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(2) INFORMATION FOR SEQ ID NO: 24: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 17 amino acids 

(B) TYPE: amino acid 

(D) TOPOLOSY: linear 
(ii) MOUECDLE TYPE: peptide 

(Xi) SBQOBNCE DESCRIPTION: SEQ ID NO: 24: 

Arg Lys Arg 61u lie Arg Leu Gin Lys Asn Axg Glu Ala Ala Arg Glu 
15 10 15 

Cya 

(2) INFORMATION FOR SEQ ID NO: 25: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4491 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDBDNBSS : single 

(D) TOPOLOGY: linear 

(ii) MOLECDLB TYPE: CDNA 


(xi) SEQDENCB DESCRIPTI(»7: SEQ ID NO: 25: 


GAATTCCGTT TTTGAAAAiQT GAAGCAATTG AGT6CG6CCC GAAAAAGAGA 

GCCGCAGAAA 

60 

QTTT6C6AAC AGAATTTAAT CAAAAACTT6 GAOGGTAAAT T6TCCAAGT0 

QTTCACCTGT 

120 

TGGCTGCATT TTAAATCAAC GAGGCAAACA ATCAGC6CAG AGQAGCTGCT 

CCACGTTCCC 

180 

CGGACAAGAT GTCGCA6CAT TTCACATCGA TATTTGA6AA CCTGCQATTC 

GTOACCATCA 

240 

AAC6TGCGAC AAATGCGCAA CAGCAACAGC AGCAGCAGCA GCAACAfiCAA 

CTTCAGCA6C 

300 

A6CAGCA0CA GCTGCAGCAA CAGAAGGCAC AGACACAGCA ACAAAATAGC 

AGAAAAATCA 

360 

AAACTCAAGC AAC6CCAAC6 TTGAATGGCA ATGQGCTCTT GAGCGGCAAT 

CCAAATGGC6 

420 

GAOGCGGTGA CTCCTCGCCC AGCCATGAAG TOGACCATCC GGGrrOGAGCA 

CAAGGAGCTC 

480 

AAGCAGCAGG AGGCTTGCCA TCTTTAASTG GCACGCCATT GAGGCACCAC 

AAGCGCGCCA 

540 

GTATCTCCAC AGCATCGCCT CCAATTCGCO AACGGC6TGG CACCAACACC 

AGCATCGTGG 

600 

TCQAACTGGA TQGCAOTGGC AGCGGGAGTG GGAGTQGCG6 T6GTGGCGTT 

G6CGTTQGTC 

660 

AGGGTGCGGG TTQTCCTCCC TCGGGCAGCT 0CACT6C6TC CGGAAAAAGT 

TCOCGGGAAC 

720 

TATCGCCGTC GCCGAAAAAC CAACAGCA6C CCAGAAAGAT GTCACAGGAT 

TATCGGTCGC 

780 

GTGCC60CAG CTTTATOCAC CTGGACGACO AGGGACGCAG TCTOCTGATG 

CGCAAGCCGA 

840 
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TOAOACTaM OAACA TCGtAlQBQCAGGCC 00 AOOTCT AQBACO CTOCAC TOCaUUSOGT CO 9 0 

OCaAOATTCT TT CC l' G CTBC MOB CACCT OTA CSAG CAO CA TT AmaOiai DO 9 6 0 

CSOCaOTOOA OOCXAOQJVAA T CC«KBA TCCTCOAACA COC CAAOOA C TTCOBBC 10 2 0 

AOT ACmC A TOEUMVAO COT A VA OOCmC CQCC CA CGAOACOCOA TOOAAACAGO 8 S 0 

TGCGCCAGAO aOGAaA C AC CTOOACACT A TCAOCT AA COAAACOQAG CT JOrT A TO 114 0 

O TOC C&BA GGC CTOCSCG AA TTCTC CA 6TTGCA TTOG CC OAA T ACAA TOOff OCOAAO T 1 

TOCAQOT CTVGA CTOT COT A TGTQA CAA CAACAAG TOO CA TOTTraAA OC CA OTTTQCA 12 6 

A T CA CA nrr AA TQCAMCAT AAGGGCA AC CTGAQA TC GGCCATCACa3lX'(A TTT C CA 

AA CO CA OBAC CAAOCA OA TT A TCG CA TTTGQAA T AA C CAA TT AAlT3Aa V CTT A TOC CO 

GCTACAAOCA OOBaA TGQ»IAAA T CA TTQ GCOA T C C CA T OAA TOTGOAGL «T« A CAOAOG 

TCTGCACCAA OCTOOGCTOG AAaAOCAAGOBCAaCOAlSTG GOACA T ACTG C CA TT 300*00 0 

T CTCGODVA TOG TCAOBA C COOACT ACT TTTOBBl C C OCCCGAA TTO A T Al C9GCAAB 

TTC CGCIOAC CA TC C CAAA TOT tOAlTCT CGOA T CT OGGACTQCOA TOOTlAflXOC C C 

TOC COQCCOA TC GAGTAatarTCOA TO TGOGCaOCA T TAaUBmO C CA CCACEA6T8 0 

TCAOTOOTTO GTACATGTCO ACAOAGATTO OCAGCCGGAA TTTATGCOAC ACAAATCOCC 1740 

OCAATASGCT GOAaACOaTO OCGCTOAAGA TGCAACTOOA CACCCOTACG CCCACATMT 1800 

TaTGOAAOOA CAAGOCTGTO OTOGAaATSA ACATTOCCOT OCTCCACTCC TACCAGAGTC 1860 

GCAACGTOAC CATTGTOGAT CACCACACQO CCAGCOAGAG CTTTAT6AAG CATTTCGAOA 1920 

ACGAGTCCAA GCTCAGGAAT GOGTGTCCCG CTGATTOGAT TT00ATC0T6 CCOCCOCTGT 1980 

COOGCTCCAT AACOCCGOTA TTCCATCAOO AOATOGCTCT GTACTACCTG AAGCCCTCGT 2040 

TCGAOTACCA OGATCCCOCC TOGCOAACCC ACOTOTOGAA AAAGOOOCOT OOCOAOAQCA 2100 

AOGGCAAGAA OCCAAGACOT AAATTCAATT TTAAACAA AT COCTAOGOCT GTOAAATTTA 2160 

CATCGAAACT ATTTOGAOQC OCCTTATOGA AAOGCATAAA GGCAACAOTT CTATATGCCA 2220 

CCGAAACTGO CAAATCOGAG CAGTATGCOA AOCAACTTTG T6AACTCCTA GOGCACOCAT 2280 

TCAATGCACA GATATATTGC ATGTCCGACT ACGATATATC CTCCATTGAG CACOAGGCAT 2340 

TGTTAATTOT TGTOGCCTCC ACCTTTOOCA ACQGTGATCC CCCCGAAAAC GGCOAGCTTT 2400 

TCTCCCAOGA ATTOTATOCO ATGCGTOTCC AGGAOTCTTC OGAGCATOGA TTQCA0OACT 2460 

CCAGCATTGQ CTCOTCAAAG TCCTTCATGA AGOCCAGCTC GCOOCAGGAQ TTCATGAAGC 2520 

TGCCACTGCA ACAGGTGAAO AOAATCOACC GATOGGACTC OCTOOOOGOC TCCACCTCOG 2580 

ACACCTTCAC CQAOOAOACC TTTGOTCCCC TCTCCAAT6T CCOGTTTOCC GTTTTTGCCC 2640 

TCOGCTCCTC GOCCTATCCA AATTTCTOCO CCTTCGGTCA OTATOTQOAC AACATTCTOO 2700 
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0CXUU3CTQG0 COaCGAACGC CTGCTOAlSGG TGGCCTACGO CGACQAGATG TQCGGACAiSG 2760 

AflCAGTCGTT CCX«3AA0TCW OCQCCCGAQG TATTCaWMSTT QGCCTQCQAO ACCTTCTOCC 2820 

TGGATCCACUl QaAOAaCCTT TCGQATQCCT C6CTA0CCCT aCAOAACOAT TCOeraACTG 2880 

TQAATACGOT OCGCCTeOTG CCGTCGGCGA ATAAOOOATC CCTQGACASC AGTTTATCCA 2940 

AGTACCACAA CAAOAAaaTQ CACTOCTQCA AS6CGAAG6C G»lA6CCCCAC AATTTGACCC 3000 

GrnOMSTQA GOOAaCCAAG ACAACQAT6C TGCTGaAOAT CT6TGCACCT GGCTTtSGAST 3060 

ACGAGCCGGG T6ATCATOT6 GGCATCTTTC CGGCGAATGG AACGGAACTO GTC6ACGGAC 3120 

TGCTAAATCa ACTOGTaOGT GTGGATAATC CC6ACGAG6T 6CT6CASTTQ CAATT8CTAA 3180 

AOGAAAAOCA GACATCGAAT GOTATATTCA ASTGCTQGGA GCCGCACOAC AAAATACCQC 3240 

CGGATACTCT AAG<3AATCIA CTGGCCCX»T TCTTTGATCT OACCACTCOG CCATOGCQAC 3300 

AOCTACTCAC CCTQCTOCICT GGATTCTaTG AOSACACCGC GQACAASOAG CGGCTQGAOT 3360 

TGCTGGTCAA CGATTCQTCG 6CCTAC8AGG ACTGGCGGCA CTGGCG6CTG CCGCACCTGC 3420 

TGGACQTCCT CGAGQAGTTC CCTTCQT6CC GACCACCGOC TCCCCTTCTG CTTGCCCAAC 3480 

TAACOCCGCT 6CA0CCT0GC TTCTATTCCA TTTCCTCGTC GCCGCOCCGC GrTACtTCACG 3540 

AAATCCACCT QACGCnraOCX: ATCQTGAAGT ACC8TTOTQA AOATOGTCAG GGTQACQASC 3600 

GGTACGQCQT GTOCTCTAAC TATCTATCCG GCTTGCQGGC A8AC6ACGAG CTGTTCATGT 3660 

TCQTGAOAAQ CGCCTT6GGC TTCCATTTGC CCAGCGATCG QA6TCGTCCC ATTATTCTQA 3720 

TTGGTCCTG6 CACASGAATA GCTCCATTCC GCTCCTTTTG 6CAGGAGTTC CAGGTGCTAC 3780 

OC6ACCTT6A TCCCACGGCC AAATT6CCCA AGATGTGGCT CTTCmGGC T6CCGQAATC 3840 

GGGATGTGGA CTTGTACGCC GAQQAGAA6G CAGAGCTACA 6AAGGATCAA ATCCTAGACC 3900 

GA6TTTTTCT CGCTCTGTCC AGGGAQCAGG CCATTCCGAA 6ACATAT6TG CA8GACCT6A 3960 

TTQAGCAGGA ATTCGATTCG TTGTACCAGT TGATTGTCCA GGAGCGGGGC CACATCTACG 4020 

TCTGCGQCXJA TGTCACAATG GCCGA8CATG TOTACrAGAC CATCAGGAAS TGCATTGCCG 4080 

GCAAASAGCA GAAAAQCQAO GCGGAAGTTG AGAGATTTTT GCTAACACTG CGGGACGAAA 4140 

GTCGCTACCA CX»GGACATC TTTQGCATCA CGCTGCGAAC GGCTGM3ATA CACACAAAGT 4200 

CAAQGOCCAC GGCCAGGATA CGAATGGCCT CCCAGCCCTA A6GATA6ATA TTCGAAGTAA 4260 

TCAAAATAGG AGGGTGACAT ATCCAAATTC GAaAGGAATA CCAAGCACTT GCTCTTTTTT 4320 

TTCTTCCATA TTCAAATOCA ATTAAATATT GTCOCTTTGT TCATTACATA TTCOTATQAA 4380 

TAACGTTTAA ATAAATTACA TTTTATTATT GATTCTAATG TACAAATCAA TTGTGAAATC 4440 

AAAATCTAAA TGTTAAAATA TATTTCAAAT AAACOAATCXS AAAAGGAATT C 4491 
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What la claimed is; 

1. A method of regulating long term memory in an animal 
comprising inducing of expression of a dCREB2 gene or 

5 functional fragment thereof in the emimal. 

2 . The method of Claim 1 wherein the dCREB2 gene encodes 
a cyclic 3' ,5' -adenosine monophosphate responsive 
activator Isoform and inducing of said gene results in 
the potentiation of long term memory. 

10 3. The method of Claim 2 wherein the activator Isoform is 
dCREB2-a or an analogue thereof. 

4. The method of Claim 2 wherein induction of the dCREB2 
gene encoding a cyclic 3' , 5' -adenosine monophosphate 
responsive activator isoform activates the production 

15 of a protein which is necessary for the formation of 

long term memozy. 

5. The method of Claim 4 wherein the activator isoform is 
dCREB2-a or an luialogue thereof. 

6. The method Claim 1 wherein the dCREB2 gene encodes a 
20 repressor isoform amd inducing of said gene results in 

the blocking of long term memory. 

7. The method of Claim 6 wherein the repressor isoform is 
dCREB2-b or an analogue thereof. 
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A method of regulating long term memory in an animal 
coit^rising inducing repressor amd activator isoforms 
of dCREB2 wherein long term memory is potentiated in 
the animal when the net amount of functional activator 
(AC) is greater than zero. 

The method of Claim 8 wherein the repressor isoform is 
dCREB2-b or an analogue thereof and the activator 
isoform is dCREB2-a or an analogue thereof. 

A method of identifying a substance capable of 
affecting long term memory in an animal con^jrising the 
determination that said stibstance alters the induction 
or activity of repressor and activator isoforms of 
dCREB2 from normal in the animal. 

A method of enhancing long term memory formation in an 
animal comprising increasing the level of activator 
homodimer from normal in an animal. 

The method of Claim 11 wherein the activator homodimer 
is a dCREB2a homodimer. 

A method of enhancing long terra memory formation in an 
animal coit5)rising decreasing the level of activator- 
repressor heterodimer from normal in an animal. 

The method of Claim 13 wherein the activator-repressor 
heterodimer is a dCREB2a-dCREB2b heterodimer. 

A method of enhancing long term memory formation in an 
animal con^rising decreasing the level of repressor 
homodimer from normal in an animal. 
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The method of Claim 15 wherein the repressor homodimer 
is a dC3lEB2b homodimer. 

A method of identifying a svibstance capeU^le of 
affecting long term memory in an auiimal conprising the 
determination that said substance alters from normal, 
in the animal, the formation of a dimer selected from 
the group consisting of: activator homodimer, 
activator- repressor heterodimer and repressor 
homodimer. 

Isolated DNA encoding a cyclic 3' , 5' -adenosine 
monophosphate responsive transcriptional activator. 

The isolated DNA of Claim 18 wherein the cyclic 3',5'- 
adenosine monophosphate responsive transcriptional 
activator is encoded by a Droa^dadlei dCREB2 gene. 

The isolated DNA of Claim 18 wherein the DroBophila 
dCREB2 gene codes for a dCREB2-a isoform. 

The isolated DNA of Claim 18 which hybridizes to DNA 
having the sequence in Figure lA (SEQ ID NO. : 1) . 

The isolated DNA of Claim 18 which encodes the amino 
acid sequence in Figure lA (SEQ ID NO. ; 2) . 

Isolated DNA encoding an antagonist of cyclic 3',5'- 
adenosine monophosphate- inducible transcription. 

The isolated DNA of Claim 23 wherein the antagonist of 
cyclic 3' , 5' -adenosine monophosphate- inducible 
transcription is encoded by a Droaophila dCREB2 gene 
or a functional fragment thereof. 
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25. The isolated DNA, of Claim 24 wherein the Drosophila 
dCREB2 gene codes for a dCREB2-b isofortn. 

26. An isolated DNA which encodes a Drosophila dCREB2 gene 
or a functional fragment thereof. 

5 27. The isolated DNA of Claim 26 wherein the Drosophila 
dCREB2 gene codes for an isoform selected from the 
group consisting of: 

a) dCREB2-a; 

b) dCREB2-b; 

10 c) dCREB2-c; and 

d) dCREB2-d. 

28. The isolated DNA of Claim 26 wherein the Drosophila 
dCREB2 gene codes for an isoform selected from the 
group consisting of: 

15 a) dCREB2-q; 

b) dCREB2-r; and 

c) dCREB2-s. 

29. Isolated DNA encoding an enhancer-specific activator. 

30. The isolated DNA of Claim 29 wherein the enhamcer 

20 specific activator is encoded by a Drosophila dCREBl 

gene or a functional fragment thereof. 

31. The isolated DNA of Claim 30 which hybridizes to DNA 
having the sequence in Figure 5 (SEQ ID NO. : 7) . 

32. The isolated DNA of Claim 30 which encodes the amino 
25 acid sequence in Figure 5 (SEQ ID NO. : 8) . 

33 . Isolated DNA encoding a nitric oxide synthase of 
Drosophila (DNOS) . 
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34. The DKA of Claim 33 encoding a DNOS of neuronal locus. 

35. The DNA of Claim 33 encoding a DNOS which contains 
putative heme, calmodulin, PMN, PAD and NADPH binding 
site domains. 

36. A method for assessing the effect of a drug on long 
term memory formation comprising: 

a) administering said drug to Drosophila-, 

b) subjecting the Droaopbila to classical 
conditioning and to at least one odorant and 
electrical shock; and 

c) assessing the performance index of said classical 
conditioning, 

wherein the effect of said drug occurs when said drug 
alters said performance index from normal. 

37. A method of Claim 36 wherein said drug affects long 
term memory formation by altering the induction or 
activity of repressor and activator isoforms of 
dCREB2. 
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MCGI»Cft«Cm!MTC6TC6«G«l«MICGCCl«CTC6TC6CCGCCIITC6WC7CCflftT6«C 
n0MSIUEEM6IIS$l»«S6SM0 

6T6GTCG«TGTC6TT6CCCl«CW!GCG6C66C«CC66TCG6CGGC6GCC6TCGW!GflCC« 
U U D U V II 0 0 « HflSWGGGGGGC 
0GflG6C6GCG6C6GTG6TG6TIMICCCCC«6CI»CCRCC«»«Cfl6««CCCfla««GTflC««C6 
GCCCCGCWf 0 0 0 0 0 M P 0. S T T 

GCC66C66TCCIMM:GG6TGCG«CGS«C«flCGCCCfl6CGIIGGC66«6TGTCCTCCGTCCTG 
«66PTGI»THH«0.6GGUSSOt 

flCCflCC«CC6CCRBCTGM«C«TBCWIT«CCCC«TCC«CftCGCTCCC6CflGCftCG6«CTG 
TTTHMCH10,VP IO_TL«0_HGL 



IIT616Cli6TCCGtG«T«C«GGCC««TCCCTC666fl 

GTCflTHCHGRCUGCBGCTGGBftCCCRCCBGMGCftftCftGGCGCTGGCCGCCGCCBCUGCG 
U I JCL T a fl 6 T 0 0 0 0 Q « L B fl " T fl 

HTGCRGflBGGTGGTCTMGTGGCCIMWCCOCCGMCTCGflCGGTCflTCCflCMCBCGCCT 
nO.KOOVMIIKPPH ST«IHTTP 

GCCIWTGCWTGClWsCTGWIWttRWWTCCCTCCWCC^ 
6 H fl 0 0 I P f T F P c r I r P 

Exen 4 

GBWCCGflnCUCGCUGCRCCCGGUGGRCBGCCRCGRGftCTCTGTCGGBCGRCGIlTTCCCM 
EPHT^HPEOSOCStSOOOSO. 

r»rr,rr«r»f.rr.iM;fTr.«rr.rCftrG6CCCTCGT«CWTBftGftTCTTCftCCCftCftTCBGC 
H H R S E L y ^« B »> S ^ V H C I F T £ I S 
GCTCCGOBCflTGBGCCCCGCBTCCCTTCCCfiTGTCCGftCGGCGTGCTCflfiTTCCCBGCTG 


TRCTIICCTGTCCWITCGGBTGTCCTBCBRCflCCRBCRftCBGCGCCHTIIGCCGBGCflTCflC 

»£:^!£ii<;s^;Ms^i^sr«!^m^S3^ H S 6 I A E 0 0, 


flCCCGTflflGCGCGBGBTCCGGCTGCflGBBGBBCBOGGBGGCGGCKGTGflGTCCCOOCGC 
T (B)e® E I ® L 0 ®H_®i_B_B_®^,C^®, 

Bode r»glof> 

nflGflBGftnCGfiGTflCflTCflBGTCCCTGGBGflfllCGBGTCGCGGTGCTflGBCflflCCftflBRC 

'*'^^^^^^^^^^L«uc I n« zipper- 

BflBGCGCTCBTCGBGGBGCTGBBGTCGCTCflBGGBGCTCTflTTGTCflGBCCBBGBflCGBT 
r B □ I E E L r S 0 C E L V C Q T . H 0 
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1 flTGTTnCTCCCflCnfMflTilTCTTTTCTflCTTTCHCflTCGTTflCflTGCTGCTRCCCCTflCn 

1 l1LLGf.HnFSTFTSLJL«BTBT 

61 ACCiinCIICCGGTGnnTTCTTRnTCflRTCAnTCTCCflflGCCflacnRCCCCGTGACTTRRTC 

21 THTGX.FLI1Hl.S^BQ£.R6JLLn 

1 2 1 TTCGRTRCTCTGCRTTTCRRCRTTRTGCGCCRRRRCCTCGCflCRTCRTTTCCRGRCCTCG 

41 LJLSLJLFMinG^HLR D 0 F Q T S 

1 8 1 GCTTCRCCflGCTTCCCRCCRCRRGflTGRCTCCTTTCCTTGTTCRTRCCflflTGTTTTTCRfl 

61 R S P fl S E P rilT^FOUJi.THOFi. 

211 TCCCTCTTCRRCRHCfiCCGHRCRTflCCCTTCTflCCRCRTRTCGRCRfllCTTCCTRTTGTT 

81 S U F r H 1 E D TLLGJI.IJ).MOC I U 

301 CRCflCCCRCTTGBRGCflGflTGTTCCflTTTCCTTCRCTCCOflBBTCBBTflflCCCCflCTCCT 

101 SL T L L Kl.nF£,L UJLSX,! N H D 

361 BTCRftCCflGGflflCflflflnCCflTCflTTTGGBfiTTTflCTTCflflGflTCCCflCTCCflCCTCflCCT 

121 I r 0 E E C 0 D Li.FTSRSOSTSB 

121 CTCTTGTCGTCGBBRTCGRCTTCTGCTTCTCCflGCTGBTGCTGCCGCTGCBTGTGCRBGT 

111 LLSSKSTSRS^RORRRRCflS 

181 CCTTCGTCRTCGTCTTGTRRRRGRTCCTRTTCTTCTGCTCBGCTBGBBBCTflCGGGTTCC 

161 PSSSSCrRSVSSBOLETT GS 

511 CnTCCTCCflflRGflflnORTnflCCTCCGCTCCRCCCCTTflCflCTBGBBBBCBGBGRBBCBBT 

181 DflPKKDICLGCTPVTRrQRHH 

601 CCnTTHCCTCCGCTCnTTCCfiflflCCCTCflCCflTGTTCCTTCTflTCflnnBGGGCflflGflfiflC 

201 PLPPUIPKCQOUflSn ^^^^^^^^ 

Basic r«glen'->- 

661 flCTGRGGCCGCflRGBRGBTCBRCBCCCBCflBflflRTGGflRBGflflTGTCCCBflCTTCRRGRfl 

221 ig^^^^^jiQi^jSm^^^^^im^m^Sm^^ 

Lauctna 

721 RRGTGTCRRRCCTTCTTGRRGGRRRRCGRCGRCTTGRflBGCTCBBGTTCBBGCTTTGBBG 

TBI BflflTTftCTTCCBCflflCBB 

261 K L L G 0 Q 
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mas MSQ H nsxnMUiF vmonxmo qqqqqqqqqq i« — — — — as 

IIMNOS MEBMXTCVQQ ZQntVXSVRX. F KMC W BOUaF tVKERWSICPP VHSmOHOC SO 

MOtOS MJW: wacFi, FKVKSY QSOUCEOC 22 

BNOS QQQQQ0U3QQ KAQTQ QQNSRKIKTQ ATPTU«a«L 70 

BBOS -GCL 6 l> GUt VBUCOX. 28 

mmOS AAEOSCUQA €»XXIAVMDR PLVDLSYDSA LEVUtGZASE IHWUaMP 100 

IMHOS DI H H HVK KTtChV 35 

OHOS LS-<a«>NSCG (SSSPSHEVD HKiGAQGAQ — A*0 101 

BENOS QG~. PJkSPAPEPS RAFAPATP — 

mwos ccFnHLerr FrcDGmcn rvtofi^ppt kavdlshqps askdqslkvd iso 

laaios Ls PixaaDPKSH qmcspoll 

ONOS GLPSLSCTPL RHH — KRASXST ASPPIRERRG 131 

BENOS HAPO HS PAPNS 58 

RMtOS RVTCLCIICPQ mOdiOQCM: SVSQMlBVia OPTHKSmN LQDICEHKL 200 

MMOS ^TOTA QN VPESL *« 

OHOS —TflTSIWE LOCSCSCSCS OG C6VGV0QGAC CPPSCSCTAS 171 

BENOS PTtT R WBG «7 

nmOS LKEIEPVLSX LNSCSKKTMR GCPAXAEMKO TGZOVDROU) CKSHK APPLC 250 

MHNOS DKLHV TSTR 75 

ONC» CKSSRELSPS PKMQQQPltRH SQDYRSR ACSnOOCO ECRSLLMHXP 217 

BEMOS PKF 70 

RMMOS CONDRVFKDL tISKDNVPVZI, NNPYSEKBQS PTSCKQSPTK NGSPSRCPRF 300 

tSINOS W 

OHOS MRLKMIECRP EVYDTLHCaCC REILSCSKAT CTSSIMN— -ICNAAVEAR 263 

BQIOS PRVXNWELCS ITlfDTLCAQS QWKPCTPRR CLCSLVLPRK UTTRPSPCPP 120 

RHNOS UCVKNWETDV VLTDTLHLKS TLETeCTEHI a«3SIMLPS0 -HTRKPEDVR 349 

HHMOS VRZIQMCSCE ZLHOTLKKKA TSDFTCKSKS CXCSIMNPKS LTRGPRDKPT 128 

OHOS KSOLZLEHAK DFLBQYFZSI KRTSCTAHET RWKOVRQSIE TTGHyQLTET 313 

BEMOS PAEQLLSOMt DFZNQTYSSZ XRSGSQMIEE lOUQEVEACVA STCTXHUUES 170 

RMMOS TKD^nXK. EFUJOVYSSZ KRPCSKAHMD RLBEVMKEZE StSm^XBT 399 

MINOS PLEELLPHAI EFZNQYYCSF KEAXZEERUA RLEAVTKEIE TICTYOLTU) 178 

OHOS ELZYGAXLAM RNSSR^OtZ QMSXLQVFOC RYVTTTSOMF EAXCNHIKYA 363 

BENOS ELVtaAXQKW RHAPRCVCRZ CMdOiQVFDA BDCSSAQBIF TyZCaOHKYA 220 

RMMOS ELZYCAXHAW RKASRCVCRZ QHSKLQVFOA BDCTTAHCKF NYZCHHVKYA 449 

HMMOS ELZFATKKKH RMAPRCZGRZ QWSHLQVFDA RMCSTAQEMF QHXCRHZLYA 228 

DMOS TNlcaNLRSAI.TZFFC»m)AK HOYRZIilMMQL ZSYACYXQAD CKZZCDEtiNV 413 

BENOS TMRCNUtSAX TVFP(»tAFGR GOFRZHNSQI. VRYAGYRQQO GSVRGOPAKV 270 

RMMOS tNKGHLRSAZ T I FPORTOGK HOFRVWHSQL ZRYAGYXQPD GSXLGDPAMV 499 

MHHOS TMMCMZRSAZ TVPPQRSDCX HOFRLHNSQL XHYASYQHPO GTZRCEAATL 278 
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OHOS EFTEVCTKLS tlKSXCSEHDZ LPLVVSANGH DFDYjPDrrPE LZi;;EVPLtHP 463 

BCMOS EITELCZQHC MTPGM6RFDV LPtXWFOE AFELFVLPPC LVLEVFLGKP 320 

KHHOS QFTEZCXQQG liOCAPRCRFSV LPLLLOMKM DPELFQZPPE LVLEVPIRHP S49 

IMIOS EFZVILCZOU; WKPRYGRFOV LPLVLOMDOQ DPEVFEZPPO LVLEVTMEHP 328 

EMOS KF£MPSOLCL RHYAI.PAVSS HI.FOVCCZ0P TATTFSGMyH STEZGSRKLC SI 3 

BENOS HTCWRGPCL RWYALPAVSH KLLEXGCl^ SAAPFSCnnTH STEZGTRNLC 370 

notOS KFOWFKDLCL XWYGLPAVSN MLLEIGGI^ SACPFSCMYM GTEXGVSOfyc S99 

MMNOS KYEWFQELGL KWYALPAVAN MLUEVGGtXF PACPFNGWYM CTEICVRDFXr 318 


DNOS DXHRIUIMLET VALKMQUJTR TPTSLWICDICA WEWMIAVUi SYOSRNVTIV 563 

BBIOS pPHRmZLED VAVCMDLDIR Tr$SLNXI»CA AVEZNIAVLH SF<OLMCVTZV 420 

nWDS IMSRyimUBE VAXXHDLDHR KTSSLHICOOA LVEZHZAVLY SFQSOKVTZV 649 

MHNOS DTQRyMXI.EE VGRRHGUSTH TLASIMKORA VTEZNVAVLH SFQXQMVTZH 428 

DNOS CWHTASESFM KHFEMESKLR NGCPADWIWI VPPLSCSITP VFHQQlALYy 613 

BENOS DWUATVSFM KHLONEQKAR CGCPAOWAWX VPPXYCSLPP VFHQEHVNYI 470 

RNMOS DHHSATESFI KHMENEYRCR GGCPADMVWI VPPMSGSITP VFHQEKLNYR 699 

MOIOS DHHTASESFM KHMQKEyRAR GCCPAOWZWL VPPVSGSITP VTHQEMLNYV 478 

CaM 

DNOS LKPSFEYQDP AVIRTHWIKXC RCESKCKKPR RKFOTTCQIAR AVKFTSKLFG 663 

BENOS LSPAFRYQPD PMKG SAT KGAS ITR KK-TFKEVAN AVKZSASLHG SX3 

RNMOS LTPSFEYOPD PWNTHVWKGT NCTP— TKR RAXGFKKLAE AVXFSAKLHG 746 

MINOS LSPPYYYQXE PWKTHXWQNE KLRP RR REXRFRVLVK WFFASMIKR 524 


DMOS RALSKRXKAT VLYATETGICS EQYAKOLCEL USHAFNAQIY CMSOYDISSI 713 

BENOS TUIAXRVKAT ILYASETGRA QSYAQQLCRl. FRKAFDPRVL CMDEYDWSL 563 

HKIiOS OAMJUCRVKAT ILYATETGKS QAYAKTLCEI FKHAFOAKAM SMEEYDIVHL 796 

HHNOS KVHASRVFAT VLFATBTCKS EAIARDLATL rSYAFNTKW CMX3YXASTL 574 

ONOS EHEAIXXWA STPGNGDPPE NGELFSQELY AMRVQESSEH GLODSSIGSS 763 

BBIOS EHEALVLWT STP GN GDPPE NGESFAAMUH DtSCPYMS— -— SPRPEQH 608 

RNNOS EHEALVLWT STPGNGDPPE NGEKFGCALM EHRHP MSVQEER 838 

MMNOS EEEQLLLWT STFGNGDCPS NGQTLKKSL 603 

DNOS KSFMKASSRQ EFMKLPLQQV KRIDRWDSLR GSTSDTFTEE TFGPLSNVRF 813 

BENOS KSYK IR- -FNSVS-CSD PLVSSWRRKR KESSNT---D SAGALCTLRF 649 

RNNOS KSYK VR- -FNSVS-SYS DSRKSSGDGP DLRDNF---E STCPLANVRF 87 9 

MKNOS --FM— LR - ELNH TFRY 615 


OHOS AVFALCSSAY PNFCAFCQYV DNXLGELGGE RLLRVAYGOE MCOQEQSFRK 863 

BENOS CVFCLGSRAY PHFCAFARAV DTRLEELGGE RLLQLGQGOE LCCQEEAFRG 699 

BMNQS SVFCLGSRAY PKFChFGHAV OTLLEELGGE RXLXHREGOE LCCQEEAFRT 929 

FHNOS AVFGLCSSMY PQFCAFAHDX DQKLSHLCAS QLAPTGEGOE L5GQEOAFR5 665 


DNOS WAPEVFKLAC ETFCLDPEES — LSDASLAL <»IDSLTVNTV RLVPSMIKCS 911 

BENOS WAKAAFQASC ETFCVGEEAK — AAAQDIFS PKRSWKRQRY RLSAQAEGLQ 747 

RNNOS WAXKVFKAAC DVFCVGDDVN XEKPNNSLIS NDRSWKRMKF RLTYVAEAPD 979 

HMNOS WAVQTFRAAC ETFDVRSKHH — IQXPKRFT SNATWEPQQY RLXQSPEPLD 713 
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LDSSt-SKYIOI KKWHCCICMCA KPH-NLTW^ EGAmKLLE ICAPGLEYEP 
IXPOLIHVHR RKMFOATVLS VENLQSSKST HATII.VRLDT AOQEOLQyQP 
LTC30LSNVHK KRVSAAMXS RQMLQSPKTS RSTIFVRLHT NGNQELQTQP 
LMRAI^SIHA KHVrrMRLICS QQNLQSEICSS RTPLLVOLTF EGSRGPSYLP 

GDHWIFPAN RTELVDGIXN RLVGVDNPDE VLQLQLLKEK QTSNOIFKCW 
GDHIGISAPN RPGLVEALLS RVEDPPPPTE SVAVEQL-EK GSPGGPPPSW 
GDHLGVFPGN HEDLVNALIE RLEOAPPANH WKVEMLEER NTALGVISNW 
OEHLGIFPGN QTALVQGILE RWDCPTPHQ TVCLEVLDES G SYW 


960 

797 
1029 
763 


CPHDKZPPDr UUJLLARFFD LTTPPSBQLL TUAGFCEOT 
VRDFIULPFCT VRQALTFTLD ITSPPSPRU. RLLSTLAECP 
KOESKLPPCT XFQAimrLO ITTPPTPLQL QQFASLMME 
VlCDK}a.PPCS LSQALTrFW ITTPPTQLQt HKIARFATOE 

NDSSAYEOMR HWRLPHLLDV LEEFPSCRPP APLLLAQLTP 
QOPRRYCEMX LVRCPTLLEV LEQFPSVALP APLLLTQLPL 
XQUISYEEMK WCXMPIMVEV LEEFPSIQHP ATLLLTQLSL 
Q-PSEmUWK FSHNPTFLEV LEEFPSLHVP AAFLLSQLPI 


QNOS 
BENOS 
RNNOS 


AJMOaiLELLV 
SEQQELETLS 
ICEXQRU.VLS 

-FAIWSO— 

LQPRFYSISS 
LQPRYYSVSS 
LOPRYYSISS 
UCPRYYSISS 


1060 
896 

1129 
857 


SPIOWSDEZH LTVAXVKyitC EOGQCMatyC VCSIRX.SGLR KCOB UKFVR 
APKMIPCEVH VrVAVUiYKt OOeLGPURG VCSTMbSQUC TCaM VFCri R 
SPDKYPDEVH LTVXIVSYHT ROGBCPVKHC VCSSHLMRXQ AIKWVPCFVR 
SOOHTPSCVH LTVAWTTRT RDGQGPUiHG VCSTOIRHLIC PQDPVPCFVR 

SALGFHLPSD RSRPXXLXGp'^^XAPFRSF HQEFaVUa3l> OPX!M°'giaW 
GAPSFIU.PFO WrrCZLVSP GT6XAPFIICF HCff>RLItDX£ SKS KgHH CT 
GAPSFHLPSK FQVFCIX.VGP GTGIAPntSP MQQ-RQFDZQ HWBOIPCPMV 
SVSGFQLPED PSQPCZLZCP CTCXAPFRSF WQQ>RUIDSQ HXCLICCCIIMS 

LFFGCRNRDV D-LYAEEKAE LQKDQILDRV FIALSREQAI PKTrVQOLIE 
LVFGCRCSQL DHLYROEVQD AQERGVFGRV LTAFSREPDS PICTlfVODILR 
LVFGCRQSKI IHIIYREETLQ AKNKGV7REL YTAYSREPDR PlOCrVODVLQ 
LVTGCRHPBE DHLYQEHMQE MVRKRVLFQV HTCYSRLPGK PKVYVODILQ 


QEP-OSLYQL IVQERCKIYV CXaiVTHAEHV YQTIRKCIAG KEQKSEAEVC 
TEXAAEVHRV LCI.ER6HMFV CCTVTHATSV LOTVWZLAT E C OW Etn EA C 
BQLAESVYRA UCEQOQKXYV CGDVnCKADV UCAZQRXifXQ QC K L ST F TO f; 
XQLANSVI.SV LHCGOGHLYZ CSDVRKAROV ATTUOCLVAT XLNLSEEQVE 

TFLLTLROES RYHEDIFGIT LRTAEI HTKSRATA RIRMAS 

DVICVLRDQQ RYHEDIFGLT LRTQEVTSRI RTQSFSIiQER HLRGAVPWAF 
VFISRLRDDN RYHEDIFGVT LRTYEVTNRL RSESIAFIEE SKKDADE-VF 
DYFFQLKSQK RYHEDZFGAV F-SYCA KKCSALEEP ~KAT 
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GAATrrcCTTmGAAAAGTGAAGCAATTGAGTGCGGCCrGAAAAAGAGAGCCGCA 
5i^^^^J^!II°9°^^°AAT^^AATCAAAAA<^TGGAGGGT^ 
I£iiS9IH!SSSI5^'"^A^''fCAACOAGGCAAACAATCAGCG^ 
CrOCAOTpCOCCGGACAAGATGTCGC^ 

s^^'^^^^'^'^^a^cgtgcoacaaatgcocaacagcaacagcagcagcagcag 
caacagcaacttcagcagcagcagcagcagckxv^gcaacagaaggc^ 

ij^?tssa££^is9s°2i9°^°^caaggagctcaagcagcagoaggct^ 

J'^SSS£^^°^I'2a<^^ccacaagcxxxxxl^gtatctcx:a^ 

£^^T!HSSS^^£S?^°°^ccaacacx:agcatc^ 

SSSiSSSSS15'P°°A°^^^GGTGGTGGCX}^ 

S^^b^i^i?^^S^^V^£^iS£A9SF^<3AAAG^ 

9S^SSn^^TF^^SS?°A°2ACOAGGGACGCAGTCrGCTGATGC 
ApAaX}AAGAACATCgAGGGCAGGCrGGAGGTCrACGACACGCTGCACT^ 

CAATGCGGCGGrGGAGGCCAGGAAATCCOATCTGATCCTaSAACACGCCAAGGACT 
I^^9R^^^[5£?^^^^^ATAAAGCGTACATCATGTACCGCX:CACGAGACGC 
9^iI59^9^°ST°S°SS^°AGCATroAGACCACTGGACACTATCA^ 

^^3^^i$i^?$^5^^i^°^°°""^GACTGTCGT^ 

4^^T?S9S^T94£°^I^IGS^^<:^CAGATGCCAAGCATGATrAT^^ 

I599S^ISR96I?^5tK?°°^^^ACAOAGGTcn^ 

Xi^I931^9i^9^9d^°°^°^<^G°AATrrATGCGACACAAATCGCCGC^ 

S^99^^f^t,^^^°SP^°^°ATGCAACTGGACACCCGTACGCCCAC^^ 

GGAAGGACAAGGCTGTGGTGGAGATGAACATTGCCGTGCTCCACrCCTACCAGAGT 

S9^95T°il9^'""^<^ATCACCACACGGCCAGCGAGAGCTITATQAAGCATrrC 

°ji°^GACTCCA^ 

5999SH9SS5?'^^9i!t"'''AACGC(XKn"ATTCCATCAGGAGAT^^ 
Sji^S^SI£9F9S^^>i5^°°ATCCCGCCTGGCGAACCX^ 

9?I^999^^93Si^in'^Sii'^AAACrATrrGGACGCGCCn^ 
^^iSS£61^*i3ZS^T^T^^^°^AAACTGGCAAATCGGAGC^ 

99^^[^^TSSSATTGAGCACOAGGCATr^ 

AJiraGTGATCCCCCCGAAAACGGCGAGCrrrrcrcCCAGGAAT^ 

GTCXrAGGAGTCrrCCGAGCATGGATTGCAGGACTCCAGCATTGGCTCGTCAAAGTCC 

TTCATGAAGGCCAGCTCGCGGCAGGAGTTCATGAAGCTGCCACTGCAACAGGTGAA 

GAGA ATCG ACCGATGGGACTCGCrGCGGGGCrCCACCTCGGACACCrrCACCGAGG 

AGACCTrrGGTCXX:CTCr<XAATGTCrGGTrrGCCGTTTr^^ 

CTATCCAAATrrCTGCGCCTrCXXnXlAGTATGTGGACAACATrCTGGGCGAGCTGGG 

CGGTOAACGCCTGCTGAGGGTGGCCTACGGCGACXiAGATGTGCGGACAGGAGCAGT 

CGrrCCGGAAGTGGGCGCCCGAGGTATTCAAGTrGGCCTGCGAGACCrrcrGCCTGG 

4^^99ii9i^:f^;^JSSSHSSSi!2^ 

I5^IlJt^^^^°^^*^'^'^*^^^°'"^°°CGAATAAGGGATCCCTOT 
OCAACTACCACAA^ 

TTGACCCGTTTGAQTGAGGGAGCCAAGACAACGATGCTGCTGGAGATCrGTGCACCT 
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